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Abstract 
This thesis tested whether two- and three-year old under-planted Abies /asiocarpa (Hook.) 
Nutt. , Thuja plicata Donn ex. D. Don, Pseudotsuga menziesii var. glauca (Beissn.) Franco, and 
Picea glauca x P. engelmannii (Moench) Voss seedlings responded to changes in light quantity 
and spectral quality (measured by red to far-red ratios) under five densities of overstory paper 
birch (Betula papyrifera Marsh.) on a site in the interior cedar hemlock (ICHmk2) subzone, about 
80 km east of Williams Lake, British Columbia. The five B. papyrifera densities were 0 (clear-
cut), 400, 800, 1200 stems ha·1, and unthinned (> 10,000 stems ha-1). Generally, light quantity and 
red to far-red ratio increased three-fold in the clear-cut compared to the unthinned paper birch 
treatment. Conifer photosynthesis and percent foliar nitrogen was greater on the clear-cut 
compared to other paper birch densities. Total biomass was three-fold greater in the clear-cut 
grown seedlings of A. /asiocarpa, P. menziesii, and P. glauca x P. engelmannii, while for the most 
shade tolerant species, T plicata, the difference was two-fold. Similarly, relative growth rate 
increased for all species as birch density decreased. Results showed that A. lasiocarpa, P. 
menziesii, and P. glauca x P. engelmannii were more plastic in their photosynthetic and growth 
responses to increasing light compared to T plicata. Growth response to variation in light may be 
an important factor when deciding on appropriate densities of overstory paper birch for different 
under-planted conifer species. 
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Chapter 1. Introduction 
1.0. Introduction 
Paper birch (Betula papyrifera Marsh.) is a major component of many low- to medium-
elevation forests in the interior of British Columbia. It is one of the most widely distributed 
deciduous species in the Interior Cedar Hemlock (ICH) zone and the wet-belt portions oflnterior 
Douglas-fir (IDF) zone (Peterson eta/. 1997). It also inhabits the Boreal White and Black Spruce 
(BWBS), Sub-Boreal Spruce (SBS), and Montane spruce (MS) zones and occurs minimally in the 
Coastal Western Hemlock (CWH), Coastal Douglas-fir (CDF), Ponderosa Pine (PP), and Bunch 
Grass (BG) zones (Massie 1996). Paper birch covers an estimated 250,000 ha in British Columbia 
and has an estimated standing volume of 20 million m3 (Massie 1996). Paper birch is an early 
successional species with rapid juvenile height' growth and low shade intolerance (Haeussler and 
Coates 1986). In ICH forests, interior spruce (Picea glauca x P. engelmannii (Moench) Voss), 
subalpine fir (Abies lasiocarpa (Hook.) Nutt.), western redcedar (Thuja plicata Don ex D. Don), 
western hemlock (Tsuga heterophylla (Raf.) Sarg.), and interior Douglas-fir (Pseudotsuga 
menziesii var. glauca (Beissn.) Franco) are commonly associated with an overstory of paper birch 
in the early stage of stand development (Peterson et a/. 1997). 
The importance of paper birch in mixed wood forests has only recently been recognized. 
For example, birch may act as a nurse crop to conifers, increase diversity of tree species and stand 
characteristics, and increase site productivity (Comeau eta/. 1999). The nurse-crop effect of paper 
birch on understory conifer seedlings could result from a number of factors including: moderation 
of daytime temperatures, lowering of radiation frost prevalence, higher relative humidity and 
lower vapor pressure deficit, and less intense irradiance compared to open environments (Childs 
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and Flint 1987; Man and Lieffers 1999). A reduction in damage from pests and root rot diseases 
has been reported for mixedwood stands compared to pure coniferous stands (Morrison et a!. 
1991; Simard 1995). Jones eta!. (1997) showed that diversity of the ectomycorrhizal community 
on two-year-old Douglas-fir root systems was greater when grown in mixtures with paper birch 
than when grown in pure stands. Simard (1995) found that paper birch can transfer carbon sources 
to Douglas-fir through the joining of mycorrhizae on the respective root systems. The diversity of 
tree species and stand characteristics in mixedwood stands provide important habitat for many 
animal and plant species. For example, deciduous species such as paper birch provide year-round 
browse for a variety of ungulates, including moose, mule deer, Rocky Mountain elk, caribou, and 
mountain goat (Peterson eta!. 1997). Stem cavities and branches of paper birch provide nesting 
areas for a variety of birds (Sealy 1979; Haeussler et al. 1990). Studies from Finland have shown 
that the productivity of stands of Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies 
(L.) Karst.) in mixture with birch was similar or superior to that of pure stands (Frivold and 
Mielikainen 1990). Similarly, other studies have found beneficial effects of paper birch on jack 
pine (Pinus banksiana Lamb.) diameter growth (Longpre eta!. 1994) and aspen (Populus 
tremuloides Michx.) on white spruce (Picea glauca (Moench) Voss) height to diameter ratio 
(Coopersmith and Hall 1999). 
As paper birch density increases, environmental factors such as light and temperature 
become more limiting to understory conifers. Light is perhaps the most important factor to the 
growth and survival of understory conifers (Pacala et a!. 1994 ). The ability of conifers to maintain 
growth and survival under various environmental conditions occurs through complex interactions 
between the environment, the plant genotype, and leaf- and plant-level responses. Adaptation of 
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conifers to a variety of environmental conditions determines species distribution and occurrence 
in various stages of succession (Smith et al. 1997). 
1.1. Paper birch and conifer mixed stand dynamics 
Mixed stands are common in nature, especially where soil and climate are not restrictive to 
tree growth and survival (Smith et al. 1997). Complex species mixtures develop following fire , 
insect or disease outbreak, or forest harvesting (Peterson eta!. 1997). Providing there are seed 
sources available and specific germination conditions for each species, conifers such as Abies, 
Picea, Pseudotsuga, and Thuja will be established at the same time as paper birch and result in 
stratified even-aged mixed wood stands. The vertical stratification of these stands comes from 
species differences in inherent growth rates according to differences in shade tolerance (Peterson 
eta!. 1997). Uneven-aged stands also result from secondary disturbances such as frost events, 
tree-fall gaps, or root diseases (Smith eta!. 1997). Compared to conifers, paper birch is short-
lived, often with top dieback by age 70 (Haeussler and Coates 1986). Paper birch stands will 
eventually become dominated by late successional species such as Picea glauca, Tsuga 
heterophylla, Pseudotsuga menziesii and Thuja p/icata. Subsequently, there are a number of 
factors such as disturbance type, seed source availability, optimal germination conditions, and 
species composition that determine the composition and forest structure in mixed species stands. 
In addition to succession and disturbance events, there are many ecological differences 
among species of conifers and paper birch (Hoddinott and Scott 1996; Wright eta!. 1998; Coates 
and Burton 1999) which could account for stand structure and dynamics of mixed wood forests 
(see Section 1.2). 
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1.2. Ecology of the tree species 
1.2.1. Abies lasiocarpa (Hook.) Nutt. (Subalpine fir) 
Subalpine fir distribution ranges from 32°N to 64°N and grows in the coolest and wettest 
forested areas (Alexander et al. 1990). It grows within a narrow range of mean temperatures, from 
-3.9°C to 4.4°C (mean annual), 7.2°C to 15.6°C (mean July), -15°C to -3.9°C (mean January). 
Average precipitation exceeds 610 mm; much ofwhich falls as snow. Cool summers, cold winters 
and deep winter snowpacks are the most important factors in differentiating where subalpine fir 
grows in relation to other species (Alexander et al. 1990). 
Subalpine fir grow vigorously on nutrient rich, fresh to moist sites and are considered to 
be one of the most shade tolerant conifer species in British Columbia (Klinka et a!. 1992). 
Although subalpine fir is very shade tolerant, Klinka et al. (1992) found subalpine fir to have the 
greatest growth potential with> 75% of above canopy light. Subalpine fir has a shorter lifespan 
compared to interior spruce in central British Columbia and is considered a codominant species to 
interior spruce (Alexander eta!. 1990). If relying on natural regeneration, common practice in the 
Sub-Boreal Spihce zone is to remove the dominant spruce and therefore release the subalpine fir 
understory (Chris Hawkins, pers. comm.). However, Coates et al. (1994) report than in the 
northern ICH zone, interior spruce may eventually replace subalpine fir as the climax dominant on 
cold sites. 
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1.2.2. Picea glauca x P. engelmannii (Moench) Voss (Interior spruce) 
Interior spruce, a naturally occurring hybrid of Picea glauca and P. engelmannii, is a 
common species in central British Columbia. From the Rocky Mountains to the Coastal 
Mountains, between 52°C and 57°N latitude, and 300 to 1300 m elevation, most spruce show 
signs ofhybridization between white (Picea glauca (Moench) Voss) and Engelmann spruce 
(Picea engelmannii Parry ex Engelm.) (MacKinnon et al. 1992; Brayshaw 1996). Spruce occurs 
on a variety of soils and under a wide range of climatic conditions (Farrar 1995). It is considered 
intermediate in shade tolerance and is known to recover well after being suppressed (Nienstaedt 
and Zasada 1990; Lieffers et al. 1993). 
There are a few factors that influence the growth and survival of spruce in British 
Columbia. White spruce has been shown to be sensitive to transplanting shock, which is observed 
as a prolonged period of minimal growth (Man and Lieffers 1999). Natural regeneration of spruce 
usually does not exceed 30 to 50 em in average height after 4 to 6 years (Nienstaedt and Zasada 
1990) and therefore a height growth comparison of planted to natural regeneration may determine 
if spruce is in planting shock (Chris Hawkins pers. comm.). The cause ofthis planting shock is 
thought to be nutrient stress resulting from the root's inability to develop (Nienstaedt and Zasada 
1990). Man and Lieffers (1999) suggest that having an deciduous overstory may help reduce the 
effects of planting shock to white spruce. Other factors that reduce the growth potential of interior 
spruce are root diseases such as Inonotus tomentosus affects both seedlings and mature white 
spruce trees (Nienstaedt and Zasada 1990). 
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1.2.3. Pseudotsuga menziesii var. glauca (Beissn.) Franco (Interior Douglas-fir) 
Interior Douglas-fir is one of the most important commercial tree species in Western 
Canada. The latitudinal range extends from 19° to 55°N (Hermann and Lavender 1990) although 
its distribution is increasingly discontinuous at the more southerly latitudes. It is found mainly on 
south-facing slopes in the northern part of its range and on north-facing slopes at the southern 
edge of its range. At high elevations in the southern Rocky Mountains, interior Douglas-fir grows 
on the sunny slopes and dry rock exposures. The altitudinal limit of this species is about 760 min 
central British Columbia. This variety of Douglas-fir reaches its greatest productivity in the 
interior cedar hemlock (I CH) zone (Lloyd et a!. 1991 ). It is considered a seral species in moist 
habitats and a climax species in warmer, drier parts of its range (Hermann and Lavender 1990). 
Annual height increment is relatively slow for the first 5 years but then begins to accelerate. It 
reaches an average height of30 to 37m with a diameter at breast height ofbetween 38 and 102 
em in 200 to 300 years. Interior Douglas-fir is moderately shade tolerant (Hermann and Lavender 
1990). 
Interior Douglas-fir naturally occurs in extensive stands as a result of forest fire . Rapid 
growth and longevity, a thick corky bark on its lower boles and main roots, combined with its 
capacity to form adventitious roots, are the main adaptations that have enabled interior Douglas-
fir to succeed less fire-resistant associates such as spruce (Hermann and Lavender 1990). It is 
susceptible to root (Armillaria mellea) and needle diseases (Rhabdocline pseudotsugae) (Hermann 
and Lavender 1990). 
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1.2.4. Thuja plicata Donn ex D. Don (Western redcedar) 
In British Columbia, western redcedar (I'huja plicata Donn ex D. Don) occurs on the coast 
from sea level up to 1300 m elevation; in the interior, northward to latitude 54° 30'N and from the 
Okanagan Valley eastward to the Rocky Mountains (Brayshaw 1996). Under favorable 
conditions, western redcedar shoots grow continuously throughout the year rather than in flushes 
(Kozlowski et al. 1991) and therefore, have a longer growth period than any associated conifer. 
Leaders droop and neither lateral nor terminal shoots form dormant buds. In British Columbia, it 
usually occurs in mixed stands with interior Douglas-fir, western hemlock (Tsuga heterophylla 
(Raf.) Sarg.), black cottonwood (Populus trichocarpa Torr & A. Gray), red alder (Alnus rubra 
Bong.), Engelmann spruce and western larch (Larix occidentalis Nutt.) (Farrar 1995). It can 
tolerate a wide range of soil properties and prefers partial shade because drought and high soil 
temperature damage seedlings in full sunlight (Minore 1990). Western redcedar is very tolerant of 
shade and is only surpassed in shade tolerance by Amabilis fir (Abies amabilis (Dougl. ex. Loud.), 
western hemlock, and western yew (Taxus brevifolia Nutt.) (Minore 1990). Western redcedar is 
usually overtopped by interior Douglas-fir and western hemlock. It tolerates understory conditions 
in mixed-species stands and can maintain acceptable growth rates over long periods (Minore 
1990). In the northern Rocky Mountains, growth response to release is best on large, young cedar 
with green-yellow foliage (Graham, 1982). 
1.2.5. Betula papyrifera (Marsh.) (Paper birch) 
Paper birch (Betula papyrifera Marsh.) can potentially occur in all of British Columbia's 
biogeoclimatic zones except the Mountain hemlock and Alpine tundra zones. Paper birch reaches 
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its greatest potential in the Interior cedar hemlock zone although it grows well in transitional 
climates such as the coast-interior ecotones and between the dry and wet Douglas-fir belts of the 
southern interior (Peterson et al. 1997). It grows best in nutritionally rich sites and occurs on a 
variety of parent materials and soil textures ranging from gravelly sands to loam and organic soils 
(Safford et al. 1990). Birch grows in pure stands and mixed with various genera such as Pinus, 
Picea, Tsuga, Pseudotsuga, Populus, and Abies (Farrar 1995). 
1.3. Rationale 
Management of paper birch and conifer mixtures is quickly gaining favor because of the 
potential benefits of increased tree species diversity, nutrient cycling, resistance to root disease, 
and visual quality. Less explored is the potential to manage paper birch and conifer mixed stands 
so that productivity of conifers is not compromised by competition from paper birch. In this 
study, I examine physiological and morphological responses of conifers to light availability under 
a paper birch overstory. Because light is the most limiting resource for the establishment of 
conifers in the understory, quantity and quality of light availability has been the main focus of this 
study. Furthermore, this study has led to a few management implications for the establishment of 
conifer species. 
1.4. Objectives 
The objectives ofthis research were to: 1) determine the physical environment of under-
planted seedlings with respect to quantity and quality of light; 2) measure physiological and 
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growth responses of conifer seedlings planted under different densities of paper birch; 3) 
determine the relationship between light, photosynthesis, foliar nitrogen concentration, growth, 
and relative growth rate of the conifer seedlings; and 4) provide recommendations of which 
conifer species will tolerate different densities of paper birch. 
1.5. Specific research questions and hypotheses 
In the ICH biogeoclimatic zone, paper birch is perceived as a major competitor for conifer 
species (Peterson eta/. 1997). However, the presence of paper birch may also be beneficial, but 
the nature and magnitude of the benefits may depend on the density of overstory paper birch. The 
following questions are specifically addressed in this study. 
1) How does density of paper birch influence light quantity and quality for under-planted 
seedlings of subalpine fir, western redcedar, interior Douglas-fir, and interior spruce? 
2) In what ways do changes in light quantity and/or quality caused by various densities of 
overstory paper birch affect photosynthesis, growth, and relative growth rate of under-planted 
subalpine fir, western redcedar, interior Douglas-fir, and interior spruce? 
3) Is foliar nitrogen related to light availability and photosynthesis for under-planted conifer 
species? 
4) Are there positive relationships between relative growth rate and photosynthetic capacity for 
under-planted conifer species? 
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1.6. Study site 
The study was conducted near Raft Creek, located on the western end of Quesnel Lake in 
central montane British Columbia (52° 30'N, 121° 32'W). The site is located within the ICHmk2 
subzone at approximately 800 m elevation. The site was previously logged in the early 1960's and 
subsequently planted with interior Douglas-fir seedlings that failed because of frost damage (Jian 
Wang pers. comm.). Subsequently, paper birch has naturally regenerated with a density ranging 
from 4000 to 17000 stems ha·'. Western redcedar dominates the understory in natural sites with 
lesser components of interior spruce, subalpine fir and western hemlock. 
Climate information obtained from the Likely climate station'.2 (20 km from the research 
site) indicates an average annual rainfall of 434 mm, snowfall of2620 mm and total precipitation 
of approximately 700 mm. The large snow melt contributes greatly to the hydrologic regime, 
thereby minimizing summer soil moisture deficits. The daily temperature averages are greater 
than 0°C for 7 months of the year with average maximum and minimum temperatures of -5.5 & -
14.6°C in January and 22.9 & 7.6°C in July. 
Understory vegetation consisted mainly of false box (Paxistima myrsinites (Pursh) 
Rafinesque), thimbleberry (Rubus parviflorus Nuttall), bunchberry (Comus canadensis L.), 
twinflower (Linnaea borealis L.), fireweed (Epilobium angustifolium L.), and queen's cup 
(Clintonia uniflora (Schult.) Kunth) (Ngaio Beausoleil3 1998, unpublished). 
1 Environment Canada. 1982. Canadian Climate Normals 1951-1981 . Temperature and Precipation, British Columbia. Minister of 
Supplies and Services, Ottawa, Ontario. 
2 Length of record: adjusted normals based on 5 to 19 years from 1951-1980 and any other available data from 1931-1951 . 
3 Report can be obtained from Jian Wang, Ministry of Forests, Red Rock Research Station, 18435 Forest Nursery Rd. , Prince 
George, BC V2N 5Y7, Canada. 
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1.6.1. Plot layout and experimental design 
In August 1996, paper birch stems were marked to leave by selecting the largest trees of 
good form (i.e. no scars or signs of disease). Following selection, paper birch stands were thinned 
to five densities (0, 400, 800, 1200 stems ha·l, and unthinned (> 10,000 stems ha-1)), hereafter 
referred to as clear-cut, 400, 800, 1200 stems ha-1, and unthinned). Paper birch stems were cut at 
ground level to minimize soil disturbance. Species such as aspen (Populus tremuloides Michx.) 
and willow (Salix sp.) were thinned out completely and all debris were bucked to 2m lengths and 
left on the site. 
This study used a completely randomized split-plot design. Thinning treatments were 
randomly assigned to 70 x 70m (0.49 ha) plots which were replicated three times ( 15 plots in 
total). Each plot was randomly sectioned into quadrants and randomly assigned one of four 
conifer species (Fig. 1.1 ). 
1.6.2. Under-planted conifer species 
Seedlings of four conifer species native to this area, P. menziesii var. glauca (interior 
Douglas-fir), A lasiocarpa (subalpine fir), T plicata (western redcedar) and P. glauca x P. 
engelmannii (Moench) Voss (interior spruce) were used for this study. Seedlings were grown at 
three different B.C. nurseries (Table 1.1) from B.C. Forest Service registered seedlots selected as 
the closest match to the study site. All seedlots selected were within the interior seed transfer 
guidelines for longitude and latitude, and met elevational recommendations except subalpine fir. 
For subalpine fir, it is suggested that the downward movement for subalpine fir is 100m (Hazel 
Ritchie, Ministry of Forests, pers. comm.). 
11 
20" ) 
1 
800 
2 
d 
3 
400 
H 
clear-cut 1 
5 1 
800 
400 
w 
a.. 7 g knthinne~ ~ 
I I ~ 
__ _......\ 
,...-_....-__.........--- 8 \ 
\ \ 
\ clear-cut\ 
\ \ 
I ~  
\~~ 
~ 
/ 
' . / 
_ conifer sp. in NW quad. 
······!··········------- t········ ...... ~49.5 m transect line 
' 
-------···· 
.• 
Conifer sp. assignments. 
----- ............. Plot 
I 
2 
~ 10m buffer from edge of plot 3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
<:-?Om~ 
11 12 
"'I 
1200 clear-cut 70 m 
1-------f-----1' l 
10 
~nthinned 400 
13 
NE 
Fd 
Fd 
81 
Fd 
Cw 
Cw 
Fd 
Fd 
81 
Fd 
Sx 
Cw 
Fd 
Fd 
81 
f-- -----1,---- -----1 _ Plot 
Quadrant 
SE sw 
81 Sx 
Sx 81 
Sx Cw 
Sx 81 
Fd Sx 
Fd Sx 
81 Cw 
Sx Cw 
Fd Sx 
81 Cw 
Cw Fd 
81 Fd 
Sx Cw 
Sx 81 
Fd Sx 
9 
800 
/ 
14 .--Birch density 
1200/ (stems ha-1) 
I 
NW 
Cw 
Cw 
Fd 
Cw 
81 
81 
Sx 
81 
Cw 
Sx 
81 
Sx 
81 
Cw 
Cw 
Declination 23 .5" East 
Fig. 1.1. Raft Creek plot layout with birch density and conifer under-planting assignments 
(adapted from Wang eta!. 1997). 
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All species were PSB 415D 1 +0 (Polystyroblock, 4 em top width by 15 em cavity length, 77 
cavities per block) stocktype except for subalpine fir which was PSB 415B 2+0 (112 cavities per 
block). Seedlings were planted in quadrants on May 15-18, 1997 with a targeted spacing of 2.9 m 
(:: 1200 stems ha.1) . 
Table 1.1 Seedlot and stocktype specifications of conifer species (interior Douglas-fir, Fd; interior 
spruce, Sx; subalpine fir, Bl; western redcedar, Cw) planted at Raft Creek, British Columbia. 
Species Seedlot Elev. Lat. Long. Type Age Nursery Location 
Fd 30697 900m 51° 40 ' 119° 40' PSB 415D 1+0 Vernon, B.C. 
Sx 6011 958m 52° 34' 120° 56' PSB 415D 1+0 Vernon, B.C. 
Bl 1840 1097 m 52° 58 ' 122° 55 ' PSB 415B 2+0 Campbell River, B.C. 
Cw 33131 800m 51° 48 ' 118° 37' PSB 415D 1+0 Sorento, B.C. 
1.6.2.1. Seedling selection 
Data for this thesis were taken from 13 seedlings of each species per plot (total of 780 
seedlings) selected along a transect line from the corners of each quadrant (Fig. 1.1 ). A buffer 
zone of 10 m from each plot edge was used to minimize edge effects. Height of overstory paper 
birch was less t~an 10m tall in each plot at the end ofthe 1999 growing season (Jian Wang, 
unpublished). Numbered metal tags were placed on pink-flagged wire pins and positioned beside 
selected seedlings. 
1.6.3. Long-term seedling and environmental measurements 
As this thesis is part of a larger project (Forest Renewal British Columbia, FR96/97-663), 
additional seedlings were selected for long-term assessments. In the center of each plot, a circular 
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measurement plot (0.1 ha, 17.8 m radius) was established and the circumference was marked with 
wire pins. Inside this circle, numbered metal tags were placed on wire pins and positioned beside 
28 seedlings of each species (Wang eta!. 1997). 
Since time of planting, continuous daily measurements of photosynthetically active 
radiation (PAR), average soil temperature, air temperature, vapor pressure deficit, and soil 
moisture were measured for one replicate of each treatment, plot 2, 4, 5, 6, and 7 (Comeau eta!. 
1999). 
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Chapter 2. Understory light environment of different densities of paper birch 
2.1. Introduction 
In mixedwood forests dominated by paper birch, there is a wide variation in the amount of 
light reaching the understory over the growing season. When birch is leafless, spring and fall 
windows occur where light is relatively high during the day, temperature is low at night and soils 
are relatively cold (Man and Lieffers 1997). The light environment in the forest understory is also 
determined by elevation, meteorological condition, stand structure (Chazdon 1988; Canham et al. 
1990), tree species composition and phenology, sky conditions, and solar angle (Messier et al. 
1998). Deciduous overstory density and light interception are critical factors controlling the 
stages of forest stand development and the establishment of conifer seedlings in the forest 
understory (Lieffers et al. 1999). Overstory density and light interception are most often 
considered in predicting establishment and growth of regeneration following partial cutting 
(Smith et al. 1997). 
Sunflecks, or pulses of light that penetrate the canopy, have been shown to be the most 
important sources of light for understory plants (Chazdon 1988). Sunflecks lasting from a few 
seconds to several minutes may affect photosynthetic rates, stomatal responses, leaf temperature 
and morphogenesis, whereas variation in light availability on the scale of weeks to months may 
lead to differences in plant growth, morphology, survivorship and reproduction (Chazdon 1988). 
Hutchinson and Matt (1977) reported that sunflecks can contribute 50% of the daily total 
photosynthetic photon flux density (PPFD) in temperate deciduous forest understories. Carbon 
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gain in understory species during sunflecks may account for 28-75% of daily PPFD in pure paper 
birch stands (Messier eta/. 1998). 
Sunflecks are difficult to quantify as there are many sources of light in the understory. 
Understory plants receive light from different angles and gaps in the overstory canopy (Pacala et 
a/. 1994). For example, Canham (1988a) showed that a gap 15 m north of a sapling in north 
temperate latitudes has virtually no effect on plant growth, but a gap 15 m south may have a 
dramatic effect on plant growth. Many different measures of light have been used to quantify light 
availability. One approach that has proven useful in assessing integrated light for plants in forest 
understories has been the gap light index (GLI). This index specifies the percentage of direct and 
diffuse photosynthetically active radiation (PAR) available (Canham 1988b ). Calculations of GLI 
values take into account solar tracks and angles over the course of the growing season and thus 
provide an estimate of light availability integrated over the growing season. GLI values were 
reported as better predictors of plant performance than instantaneous measures of light and are 
highly correlated with direct measurements of seasonal PAR (r=0.96) (Comeau et al. 1998). 
However, GLI does not take into account light availability before leaf out and after leaf fall in 
deciduous overstory species such as paper birch. The reason for this is because canopy 
photographs are taken when the overstory canopy is fully developed, however, there are times at 
the beginning and end of the growing season where canopy leaf area is increasing and decreasing, 
respectively. This change in overstory canopy leaf area over the growing season can be 
compensated for by measuring plant area index (PAl) prior to leaf out in paper birch stands (Jian 
Wang4 unpublished). 
4Jian R. Wang, B.C. Ministry of Forests, Research Branch, Red Rock Research Station, 18435 Forest Nursery Rd., Prince 
George, BC V2N 5Y7, Canada. 
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In addition to GLI, there are other methods of estimating understory light regimes. Single 
measurements of light taken at midday in midsummer have been used widely to characterize light 
environments (Messier and Puttonen 1995; Parent and Messier 1996). Instantaneous 
measurements of transmittance on overcast days using single sensors show stronger correlation 
with growing season transmittance than do midday or entire-day measurements on sunny days 
(Messier and Puttonen 1995; Comeau et al. 1998; Lieffers et al. 1999). One disadvantage of 
instantaneous measurements is that diffuse light from the sky and reflected light by competing 
vegetation cannot be characterized. 
Varying the density of paper birch canopies will have dramatic effects not only on the 
quantity of light but also on the spectral quality of light in the understory. As density ofthe birch 
canopy increases, the spectral quality of light reaching the understory changes. Green leaves 
scatter light strongly and have well-defined absorption bands in the ultraviolet and visible 
wavelengths (i.e. < 700 nm) and in the infrared(> 1200 nm) region (Ballare et al. 1990). Little 
absorption occurs between 700 and 1200 nm, so most of the far-red (FR) photons are scattered or 
transmitted. One of the most common ways of characterizing spectral quality is the red to far-red 
ratio (R:FR), i.e. the ratio between transmitted light in the red band (655-665 run) to far-red light 
(723-735 nm). Decreasing R:FR values are observed with increasing canopy density (Messier et 
al. 1998). Generally, deciduous canopies generate a lower R:FR than conifer canopies (Ross et 
al. 1986; Messier et al. 1999). Plants growing in the vicinity of other vegetation will be exposed 
to higher amounts of FR. This creates a R:FR gradient which is lower on the side of the plant that 
faces the stand than on the side that faces a gap in the stand (Ballare et al. 1990). The R:FR is a 
parameter of the light environment which is directly related to the spectral properties of 
phytochrome (plant photoreceptors) (Smith 1986). 
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Reduced R:FR have been shown to promote stem elongation, reduce branching (Smith 
1986; Balian! eta/. 1990; van Tienderen and van Hinsberg 1996), and bending toward openings in 
the canopy. Generally, R:FR values are a means by which plants perceive proximity of neighbors 
and are early signals of competition for light in plant communities (Aphalo and Ballare 1995; 
Sharew eta/. 1996). Many studies have investigated the effects of R:FR on plant photosynthesis 
and growth. For example, Kitajima (1994) found that R:FR did not affect photosynthesis, 
allocation patterns or relative growth rates in tropical tree species. Stuefer and Huber (1998) 
reported significant morphological changes such as an increase in leaf number but no significant 
biomass increases or allocation differences with light quality in Potentilla herb species. Studies 
focusing on the effects of R:FR on conifers suggest that low R:FR decreased allocation to roots 
and mycorrhizas in Scots pine (Pinus sylvestris L.) seedlings (de la Rosa et a/. 1998). Other 
studies have shown that reduced R:FR has no effect on conifer growth (de la Rosa eta/. 1999; 
Messier et a/. 1999) or photosynthesis (Hoddinott and Scott 1996). 
The objective of the present experiment was to examine the impact of paper birch density 
on light quantity and quality reaching conifer seedlings planted in the understory. The information 
is used to test -tile effects of the different light environments on physiology and growth of the 
planted conifer seedlings. 
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2.2. Material and methods 
2.2.1. Light quantity 
In 1998, canopy hemispherical photographs were used to quantify light for 3 seedlings per 
species per plot (n= 180). This method was found to be labor intensive and expensive for the small 
sample size obtained. Therefore, in 1999, light was quantified by a sunfleck ceptometer that 
included measurements for all seedlings (n=600). 
2.2.1.1. Canopy hemispherical photographs 
In 1998, quantity of light was estimated for each under-planted conifer species through 
canopy hemispherical photograph analysis (Canham et al. 1994). The photographs (using an 50-
mm lens) were taken 1 m above ground-level for each seedling. The camera was positioned so 
that the top of the photograph was directed at true north. The photographs were taken either early 
or late in the day or under overcast conditions to minimize glare from direct sunlight. 
The negatives were digitized using a computerized image analysis system (GLI/C, 
Canham 1988b ). A threshold gray level was determined for each negative to distinguish between 
visible sky and foliage. The same person analyzed all of the negatives to minimize error in the 
determination of the threshold. Analysis of the digitized images involves calculating the 
penetration of both diffuse- and direct-beam radiation through the small but discrete openings 
visible between leaves. Each opening was treated as a separate gap and the overall percent 
transmission of incident radiation by the canopy was calculated as the sum of the GLI values for 
each seedling. 
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Seasonal changes in the sun' s path produce changes in the amount of direct-beam 
radiation received at any point in or around a gap. There are predictable relationships between the 
geometry of a canopy opening and the transmission of incident photosynthetically active radiation 
(PAR) to any point beneath the gap. The gap light index (GLI) specifies the percentage of incident 
PAR transmitted through a gap to any particular point in the understory over the course of the 
growing season. Site characteristics such as latitude, azimuth, altitude, and growing season start 
and end date are used in the estimation of seasonal PAR (Canham 1995; Frazer et al. 1997). This 
index calculates the contribution of openings in the canopy to the light regime for any given point 
in the understory, measured in units of the percent of PAR received in the open. 
2.2.1.2. Sunfleck ceptometer 
In 1999, photosynthetically active radiation (PAR) (400-700 nrn) was measured at the top 
of 10 seedlings per species per plot (N=600) on one cloudless day in each month of June, July, 
and August between 11:00 and 14:00 h (noon:: 13 :00) using a 'Sunfleck Ceptometer' (Model SF-
80, Decagon D~ices Inc. , Pullman, Washington). At each tree, measurements were taken in two 
directions. Simultaneous measurements of total incoming PAR were made in a clear-cut during 
each measurement with a separate quantum sensor (LI-190SA, LI-COR Inc., Lincoln, Nebraska). 
Percent of above canopy light (P ACL) was then calculated as the average PAR at the top of the 
seedling from both directions divided by total incoming PAR measurement in the clear-cut. 
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2.2.1.3. Seasonal light measurements 
In addition to the above mentioned two methods, continuous light measurements were 
made using quantum sensors on one replicate of each thinning treatment during each growing 
season (see Section 1.6.3). 
2.2.2. Light quality: LI-1800 Spectroradiometer 
Neither the sunfleck ceptometer nor the GLI methods provide any indication of spectral 
quality. Therefore spectroradiometer measurements were made to determine effects of birch 
overstory on spectral quality and the red to far-red ratio of light available to under-planted 
conifers. 
The spectral distribution of light penetrating the birch canopies was determined using a 
portable spectroradiometer (LI-COR 1800 Portable Spectroradiometer System, LI-COR Inc., 
Lincoln, Nebraska). Measurements were taken on one clear day in June and July in 1998 and on 
one clear day in July 1999. The instrument was placed 1 m above 3 seedlings of each species per 
plot (n= 180) in 1998 and 5 seedlings of each species per plot (n=300) in 1999. A graphical 
display of the spectral photon irradiance (J..Lmol m-2 s-1 nm-1) of light filtered through different 
densities of paper birch (clear-cut, 400, 800, 1200 stems ha-1, and unthinned) was taken from July 
1999 measurements due to a larger sample size compared to 1998. Red to far-red ratios of light 
were calculated for each seedling according to Smith (1986), where red wavelengths were defined 
as 655-665 nm and far-red, 725-735 nm. The waveband width ofthe spectroradiometer was 300 
to 1100 nm. 
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2.2.3. Statistical analyses 
Data were analyzed by analysis of variance (ANOV A) using the general linear model 
(GLM) procedure in the SYST AT statistical package (SPSS 1997). The presence of outliers and, 
therefore, the normality of the distribution were determined from scatterplots and residual 
analysis. For each species, a one factor nested design was used to test the effects of paper birch 
density and plot on light quantity and quality measured in the field (Table 2.1 ). Treatment means 
of light quantity for each species of measurements were calculated from 9 seedlings in 1998 and 
30 seedlings in 1999. Treatment means oflight quality for each species were calculated from 9 
seedlings in 1998 and 15 seedlings in 1999. Due to an increase in sample size from 1998 to 1999, 
the degrees of freedom forT (P,D) in the ANOVA increased although the error terms, as shown in 
Table 2.1, remained the same. The null hypothesis was rejected ifa~0.05. Due to the presence of 
equal sample sizes between treatments, equal variances were not a concern. Bonferroni multiple 
comparisons were performed for separating treatment means. 
Table 2.1. The completely randomized one-factor nested design was used to test the effects of 
paper birch density and plot on light quantity and quality for each species in 1998. For all 
measurements, (n=3). 
Source of df Error 
variation 
Density, D d-1 = 4 P(D) 
Plot, P(D) (p-1) d = 10 T(P,D) 
Tree, T(P,D) (t-1) pd = 30 
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2.3 Results 
2.3.1. Light quantity 
2.3.1.1. Gap light index (1998) 
In 1998, light measured using the gap light index (GLI) for the clear-cut, 400, 800, 1200 
stems ha·1, and unthinned paper birch treatments averaged 96, 75, 52 , 55, 30% full light, 
respectively, (mean, n=3). Paper birch basal area was larger in the 800 stems ha·1 (4.71 m2 ha-1) 
than the 1200 stems ha·1 treatment (3.99 m2 ha-1) (Table 2.2). This generally reduced the amount 
oflight in the 800 stems ha·1 compared to the 1200 stems ha·1 treatment. For example, western 
redcedar received 52% light in the 800 and 57% light in the 1200 stems ha·1 treatment. 
2.3.1.2. Sunfleck Ceptometer (1999) 
Light quantity measured with a Sunfleck ceptometer in 1999 decreased as paper birch 
density increased, similar to GLI measurements in 1998. Seedlings in the clear-cut received 
approximately 76 to 89% full light whereas those in the unthinned treatment received 
approximately 12 to 18% full light (Table 2.2). Similar to results of 1998, light quantity was 
· lower in the 800 compared to the 1200 stems ha·1 treatment. 
Comparing 1998 and 1999 average light showed similar results for the clear-cut, 400, 800, 
and 1200 stems ha·1 treatments although differences were seen for the unthinned treatment 
(Table 2.2). Seasonal light trends (Fig. 2.1) at Raft Creek suggests that GLI overestimated 
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Table 2.2. Mean global light index (GLI (1998) ± SD, n=9), mean percent of above canopy light 
(PACL (1999) ± SD, n=30) measured in June, July and August 1999, red to far-red ratio (R:FR ± 
SD, n=9) measured in June and July 1998, and mean (R:FR ± SD, n= 15) measured in August 
1999 for each conifer species (subalpine fir, western redcedar, interior Douglas-fir, interior 
spruce) under five paper birch densities (clear-cut, 400, 800, 1200 stems ha-1 and unthinned), at 
Raft Creek, British Columbia. 
Species Birch Density Birch basal area GLI 98 PACL 99 R:FR 98 R:FR 99 
(stems ha-1) (m2 ha-I)s 
Subalpine Clear-cut 0 95±3 a* 82±11 a 1.1±0.0 a 1.1±0.2 a 
fir 400 1.81± 0.61 75±6 b 58±8 b 1.0±0.0 a 0.9±0.2 a 
800 4.71± 1.77 53±12 c 55±7 b 0.7±0.0 b 0.9±0.1 a 
1200 3.99± 1.39 54±13 c 53±6 b 0.7±0.0 b 0.9±0.0 a 
Unthinned 9.35± 1.92 29±12 d 12±2 c 0.5±0.1 c 0.4±0.1 b 
Western Clear-cut 0 96±3 a 76±6 a 1.1±0.0 a 1.0±0.1 a 
redcedar 400 1.81± 0.61 81±4 b 77±13 a 1.0±0.0 a 1.0±0.0 a 
800 4.71± 1.77 52±8 c 54±14 b 0.8±0.2 ab 0.8±0.2 a 
1200 3.99± 1.39 57±11 c 60±8 b 1.1±0.0 a 0.9±0.1 ab 
Unthinned 9.35± 1.92 30±6 d 15±3 c 0.4±0.1 b 0.5±0.1 c 
Interior Clear-cut 0 97±2 a 82±9 a 1.1±0.4 a 1.0±0.1 a 
Douglas-fir 400 1.81± 0.61 67±12 b 66±5 b 0.9±0.2 a 1.0±0.1 a 
800 4.71± 1.77 54±12 c 52±12 c 1.0±0.2 a 0.9±0.2 a 
1200 3.99± 1.39 53±9 c 58±6 be 0.8±0.0 ab 0.9±0.1 a 
Unthinned 9.35± 1.92 31±8 d 18±3 d 0.3±0.0 b 0.5±0.1 b 
Interior Clear-cut 0 97±1 a 89±10 a 1.1±0.1 a 1.1±0.0 a 
spruce 400 1.81± 0.61 74±5 b 67±9 b 0.9±0.3 a 1.0±0.1 a 
800 4.71± 1.77 50±11 c 47±13 c 1.0±0.1 a 0.6±0.2 b 
1200 3.99± 1.39 56±7 c 63±7 b 0.8±0.0 ab 0.8±0.1 a 
Unthinned 9.35± 1.92 29±6 d 15±3 d 0.3±0.0 b 0.5±0.1 b 
*Within species, treatment means followed by different letters are significantly different {p<0.05). 
Abbreviation: SD = standard deviation. 
average light levels for the unthinned treatment, however, sunfleck ceptometer measurements for 
all paper birch densities were consistent with average seasonal light levels. 
5 Calculations of basal area were obtained from Comeau eta/. 1999. 
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Fig. 2.1. Photosynthetically active radiation (PAR) under paper birch densities from June 15 to 
October 13, 1999 at Raft Creek, British Columbia (Jian Wang unpublished). 
2.3.2. Light quality: Spectroradiometer 
Similarly to light quantity, quality of light (R:FR) decreased as density of paper birch 
increased (Table 2.2 and Fig. 2.2). There was a relative enrichment of far-red and infrared radiation 
in the understory as paper birch density increased. In both growing seasons, R :FR varied from 1.1 
in the open to· 0. 4 in the unthinned stands (Table 2. 2). Generally, there were small R:FR di:fferenees-
among the 400; 800, or 1200 stems ha-1 treatments. 
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Gap light index and PACL were significantly and positively correlated to R :FR, r2=0.57 
and 0.82, respectively (p=O.OOOO). 
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Fig. 2.2 The spectral photon irradiance (!J.mol m-2 s-1 nm-1) oflight filtered through different 
densities of paper birch (clear-cut, 400, 800, 1200 stems ha-\ and unthinned). For all treatments, 
n=15 . 
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2.4. Discussion 
There were large differences in light between clear-cut and unthinned treatments, while 
small differences were seen among intermediate birch density treatments (Table 2.2). Essentially, 
after three growing seasons, the intermediate paper birch densities (400, 800, and 1200 stems ha-1) 
could be considered one treatment as they had similar understory light environments. Canham et 
al. (1990) showed that latitude, canopy height, and gap size were the main factors influencing gap 
effects on the understory light environment. At high latitudes (>50°), the sun is fairly low on the 
horizon and to increase direct light penetration, the gap has to be larger than in a similar forest at a 
lower latitude (Messier et al. 1998). In this study, the combination ofhigh latitude (52°N), 
sufficiently large plot size, and high paper birch crown relative to height of understory conifers, 
led to small differences in quantity oflight in the 400, 800, and 1200 stems ha-1 treatments. 
There have been many studies comparing methods for estimating light under different 
types of stands (Messier and Puttonen 1995; Yanhong and Naoki 1997; Comeau et al. 1998; 
Jennings et al. 1999). Comeau et al. (1998) found that growing season light under a paper birch 
mixedwood stand can be reasonably estimated using quantum sensors (>r=0.89), hemispherical 
photographs, and LAI-2000 plant canopy analyzers. Seasonal light trends (Fig. 2.1 and Table 2.1) 
at Raft Creek suggests that GLI overestimated average light levels for the unthinned treatment, 
however, sunfleck ceptometer measurements for all paper birch densities were consistent with 
average seasonal light levels. The greater amount of light in the unthinned stand measured with 
hemispherical photographs compared to measurements with the sunfleck ceptometer could not be 
fully explained although seedlings selected for GLI measurements in 1998 may have been in 
environments receiving more light and than those measured with the sunfleck ceptometer in 1999. 
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One reason for this change in light availability from 1998 to 1999 was the increase in growth of 
the paper birch canopies. Leaf area index measured in 1999 were greater than measurements in 
1997 suggesting that the crowns of paper birch are getting larger (Jian Wang unpublished). It has 
been reported that small increases in percent PAR found in gaps can result from an increase in 
diffuse light penetrating into the understory from the gaps (Messier and Puttonen 1995). Diffuse 
light in the understory is detected with hemispherical photographs and not with the sunfleck 
ceptometer. Therefore this may have led to overestimation of light measured by the hemispherical 
photograph method in the unthinned treatments. It has been reported that measurements of PAR 
differ under clear and overcast sky conditions (Messier and Puttonen 1995; Comeau eta/. 1998). 
They demonstrated that point measurements at midday under clear sky conditions often 
overestimated daily PAR measured over a full day. Although point measurements on clear days 
may overestimate daily PAR, the results of this study show that point measurements were 
consistent with seasonal light trends (Fig. 2.1 and Table 2.2). In support of this method, many 
researchers use point measurements on clear days as a quick, efficient, and inexpensive method to 
measure PAR in the field (Chen eta/. 1996; Constabel and Lieffers 1996; Mencuccini and Grace 
1996; Chen and Klinka 1997; Man and Lieffers 1997). In this study, fisheye canopy photographs 
compared to the sunfleck ceptometer were labor intensive and expensive for the small sample 
obtained. 
A strong positive relationship was found between GLI, P ACL, and R:FR values. Percent 
above canopy light had greater correlation to R:FR than GLI and can be attributed to an increase 
in sample size for P ACL and R:FR measurements (n= 15) compared to GLI and R:FR (n=9). Light 
underneath dense paper birch canopies (i.e. unthinned treatments) was depleted of red light 
compared with the clear-cut, resulting in a low R:FR. Results of R:FR in the understory were 
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consistent with other studies in deciduous understories (Messier and Bellefleur 1988; Turnbull 
and Yates 1993). The change in R:FR values has important implications on plant photosynthesis 
and growth (see Chapter 3 and 4). In the remaining chapters, the relationships of conifer 
physiology, growth, and relative growth rate with light infers light quantity and quality due to the 
high correlation of GLI, P ACL and R:FR. 
This study strongly reflects the importance of the appropriate thinning density in paper 
birch stands. Quantity of light was greater in the 1200 stems ha·1 compared to the 800 stems ha·1 
treatment as the former had less basal area than the later. The difference in basal area changed the 
understory light environment and therefore could lead to further implications on photosynthesis 
and growth of under-planted conifers. Overall, light quantity and the spectral properties of light 
available to under-planted conifers were significantly changed with thinning of the overstory 
paper birch. 
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Chapter 3. Photosynthesis of four conifer species grown under different 
densities of overstory paper birch in central interior of British Columbia 
3.1. Introduction 
Thinning paper birch overstory into different densities significantly altered light quantity 
and quality available to understory conifer species (see Chapter 2). Under low light conditions, 
plants exhibit a variety of photosynthetic characteristics that enable them to maintain a positive 
carbon balance. Leaves developed in low light conditions have less thickness, high chlorophyll 
concentration per unit fresh mass, lower photosynthetic capacity, lower dark respiration rates and 
lower light compensation points (Bjorkman 1981; Kitajima 1994). Furthermore, light-use 
efficiencies (Bazzaz 1996) as well as sunfleck-use efficiency are higher in shade plants than in sun 
plants because of faster photosynthetic induction and greater post-illumination assimilation 
(Chazdon and Pearcy 1986). 
The light interception efficiency of conifers has been quantified by the ratio of shoot 
silhouette area to total needle surface area (STAR) (Carter and Smith 1985; Leverenz and 
Hinckley 1990; Stenberg 1996). The ratio varies with shoot geometry and orientation (Messier et 
al. 1999); shade shoots generally having a larger STAR than sun shoots (Stenberg 1996). Shade 
shoots tend to be perpendicular to the solar angle (Stenberg 1996). Among conifer genera, STAR 
values increase from shade intolerant Pinus (approximately 0.16) to shade tolerant Abies species 
(0.28) (Stenberg 1996). 
The relationship between light-saturated photosynthetic rate (P max) and leaf nitrogen 
content (N1ear) has been studied extensively (e.g. Field and Mooney 1986; Walters and Field 1987; 
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Evans 1989; Reich eta/. 1994). Photosynthetic capacity ofleaves is generally proportional to Nlear 
(Field and Mooney 1986; Reich and Walters 1994), in part because the majority ofN1ear is found 
in proteins of the Calvin-cycle and in thylakoid membranes (Evans 1989). This relationship is 
important in that it has been used to predict photosynthesis at the leaf and global level (Aber eta/. 
1996). 
In addition to variation in photosynthetic rates under different light conditions, 
measurements of dark respiration have been related to plant habitat differences (Poorter and 
Remkes 1990; Poorter eta/. 1990; Walters eta/. 1993). Respiration plays an important role in the 
carbon balance of a tree and a forest stand because energy is consumed by respiration for 
constructing new tissue and maintaining existing live tissue. Dark respiration has been shown to 
be lower for shade leaves than for sun leaves (Bazzaz and Carlson 1982; Rouvinen and 
Kuuluvainen 1997). In conifers, a large proportion of respiration is used for maintaining an 
inherently large evergreen leaf mass (Yokota and Hagihara 1998). It has long been claimed that 
low respiration in shade-tolerant species is critical for their positive carbon balance under shaded 
environments, such as a forest understory (Bjorkman 1981; Chazdon 1988). Therefore it is 
expected that shade tolerant conifers commonly associated with paper birch, such as interior 
spruce (Picea glauca x P. engelmannii (Moench) Voss), interior Douglas-fir (Pseudotsuga 
menziesii var. g/auca (Beissn.) Franco), western redcedar (Thuja plicata Donn ex D. Don), and 
subalpine fir (Abies /asiocarpa (Hook.) Nutt.), will reduce dark respiration as light availability 
decreases (i.e. as paper birch density increases). 
Although many ecophysiological studies have focused on phenotypic response of widely 
contrasting successional tree species to variable irradiance (Fredeen and Field 1991; Abrams and 
Mostoller 1995; Wang 1996), there have been few studies on phenotypic variation of species with 
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close successional status (Krueger and Ruth 1969; Hawkins eta/. 1995; Brown eta/. 1996). This 
study attempts to fill a gap in the literature for the physiological response to variation in light of 
close successional conifer species in British Columbia. Although other studies have focused on 
conifer physiology, confounding factors such as prior growth history, site location, plant age, and 
position of leaves in the canopy were not taken into consideration (Carter and Klinka 1992; 
Klinka et al. 1992; Chen eta/. 1996; Kayahara et al. 1996). 
To fully appreciate the advantages of mixed species silviculture, the effects of different 
densities of paper birch on under-planted conifer species need to be examined. Sachs ( 1996) found 
in a simulation model that by maintaining a mixture of paper birch and interior Douglas-fir with a 
minimum of 400 stems ha·1 of paper birch, yield production of interior Douglas-fir could be kept 
constant over several rotations. Current free-growing stocking standards for interior broadleaf 
species specified in the Establishment to Freegrowing Guidebook (B. C. Ministry of Forests 
1995) under the Forest Practices Code of British Columbia Act are only small upward 
modifications of conifer stocking standards and do not necessarily indicate desirable goals for 
favorable birch management (Peterson et a/. 1997). Stocking standards take into account birch 
management fdr oriented strandboard and sawlog production but fail to recognize other important 
forest values outlined earlier (Chapter 1 ). 
This study examines the effects of overstory paper birch thinning treatments on 
photosynthesis of four under-planted conifer species two years after establishment. Specifically, 
this chapter focuses on three questions: (1) Are photosynthetic properties of under-planted conifer 
species related to light availability under different densities of paper birch?, (2) Is foliar nitrogen 
of under-planted conifers related to light availability?, and (3) ·Do under-planted conifers adjust to . 
changes in light availability by changing SLA and STAR? 
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3.2. Methods 
3.2.1. Study site 
The study site and description of paper birch thinning treatments in which all the 
physiological measurements were made are outlined in Chapter 1. 
3.2.2. Seedling measurements 
In July 1998, light-saturated photosynthetic rates were measured in the field on under-
planted conifer species. To determine if there were differences in foliar N between treatments, 
foliage of 3 seedlings of each species per plot were taken from 1998 harvested seedlings (see 
Chapter 4), dried at 72 hat 70°C, weighed, and analyzed for N following Kjeldahl digestion. 
Foliar nitrogen concentrations were determined by Ministry of Forests (Victoria, BC, Canada). 
On September 23, 1999, three branchlets of each species for three paper birch densities 
(clear-cut, 800 stems ha·1, and unthinned) were randomly selected in the field for silhouette to 
branchlet surface area ratio (STAR) measurements. Branchlets were marked with a felt pen to 
identify the top of the branch and transported to the laboratory. Silhouette to branchlet surface 
area ratio was measured as the ratio of shoot silhouette area to branchlet surface area (Leverenz 
and Hinckley 1990; Stenberg 1996; Messier et a/. 1999). 
3.2.2.1. Gas exchange measurements in the field 
Three seedlings of each conifer species were selected randomly from tagged seedlings 
along the transect line on all plots (180 trees in total). Gas exchange was measured in the field on 
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previous year foliage on a randomly chosen branch in the upper crown. An open gas exchange 
system (LI-6400 Portable Photosynthesis System, Li-Cor, Inc., Lincoln, NE) with a conifer 
cuvette was used for all measurements. The light source was a 1000-W halogen lamp. Adjusting 
the distance between the lamp and the conifer cuvette was used to provide saturating light 
conditions (>600 Jlmol m·2 s·1) . The C02 concentration of the airflow entering the cuvette was set 
at 360 ppm and maintained with a built-in computer-controlled C02-injector system. Cuvette and 
needle temperature were held between 20-22°C with relative humidity at 50%± 7. All 
measurements were made within 2 h of solar noon. Following gas exchange measurements, the 
portion of the branchlet that was in the cuvette was sampled and dried in a forced-air oven at 70°C 
for 72 h for dry mass. 
Immediately after gas exchange measurements, conifer branches were clipped and 
measured for one-sided leaf area (cm2) using WinNeedle (WinNeedle™, Regent Instruments Inc, 
Quebec, Canada). Needles used for photosynthesis measurements were sampled for dry mass and 
SLA (leaf area per unit of leaf biomass, m2 g·1) measurements. Biomass samples were oven dried 
at 70°C for 72 h to obtain dry mass measurements. Dry mass was determined to the nearest 
milligram. 
3.2.3. Statistical analyses 
Data were analyzed by analysis of variance (ANOVA) using the MGLH procedure in the 
SYST AT statistical package (SPSS 1997). The presence of outliers and, therefore, the normality 
of the distribution were determined from scatterplots and residual analysis. A completely 
randomized split-plot design was used to test the effects of paper birch density, species, and plot 
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on photosynthesis measured in the field, SLA, and foliar N in 1998. Plot was considered a random 
factor therefore a different error term was used to test the main effects (Table 3.1 ). The null 
hypothesis was rejected if a:50.05. Due to the presence of equal sample sizes, equal variances 
were not a concern. Bonferroni multiple comparisons were performed for separating treatment 
means. 
A two-way factorial ANOVA design was used to test the effects of paper birch density on 
STAR measurements made at the end ofthe 1999 growing season (Table 3.2). The full statistical 
model could not be used as only 1 seedling was selected from each plot. 
Table 3 .1. Analysis of variance for light-saturated photosynthesis based on area (P areJ and mass 
(P mass), specific leaf area (SLA) and% foliar nitrogen of under-planted conifer species at Raft 
Creek. 
Source of variation 
Main-plot 
Treatment, T 
Plot, P(T) 
df EMS 
t-1 = 4 
(p-1) t = 10 
0'2 E(TPS) + 13s•P(1) + 39~TS + 52cr\1) 
+156~T 
0'2 E(TPS) + 13s•P(T) + 520'2 P(T) 
Error 
P(T) 
Split-plot 
Species, S 
T*S 
s-1 = 3 
(t-1) (s-1) = 12 
(s-1) (p-1) t = 30 
(e-1) tps = 540 
tpse -1 = 599 
d E(TPS) + 13s•P(T) + 39~TS + 195~s 
0'
2 
E(TPS) + 13s•P(1) + 39~TS 
S*P(T) 
S*P(T) 
S* P(T) 
Tree, E(TPS) 
Total 
cr2 E(TPS) + 13s•P(1) 
2 
cr E(TPSJ 
Table 3.2. The completely randomized two-way factorial design used to test the effects of paper 
birch density and species on silhouette to area ratio (STAR). 
Source of df Error 
variation 
Density, D d-1 = 2 T(DS) 
Species, S s-1 = 3 T(DS) 
D*S ds= 6 T(DS) 
Tree(D,S) (t-1)ds = 24 
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3.3. Results 
3.3.1. 1998 field measurements 
Trends of increasing photosynthesis with decreasing paper birch density were evident for 
all species except western redcedar (Tables 3.3 and 3.4). Interior spruce had significantly greater 
p area when grown in the open and under 1200 stems ha"1 of birch compared to other birch densities. 
For interior spruce, P area averaged 9.9 in the clear-cut, 9.8 in the 1200 stems ha·1 treatment and 5.7 
J..lmol C02 m·
2 s·1 in the other treatments. However, when spruce photosynthesis was contrasted 
on a mass basis (P mass), there were no significant effects of birch density. 
Western redcedar and spruce had 30% and 28% greater SLAin the unthinned compared to 
the clear-cut, respectively (Table 3.3 and 3.4). Interior Douglas-fir had 21% greater SLAin the 
unthinned treatments compared to 800 stems ha·1 but not significantly different than clear-cut, 
400, or 1200 stems ha·1 treatments. Although seedling SLA increased from 70 cm2 g·1 in the clear-
cut to 81 cm2 g·1 in the unthinned for subalpine fir, there were no significant differences among 
treatments. Subalpine fir and interior Douglas-fir had larger SLA, 70 to 93 cm2 g·1, than interior 
spruce and western redcedar, 47 to 75 cm2 g·1• 
In general, species had lower percent foliar N as paper birch density increased 
(Table 3.3 and 3.4). Foliar nitrogen concentration was 25%, 18%, 24%, and 33% greater in the 
clear-cut compared to the unthinned treatment for subalpine fir, western redcedar, interior 
Douglas-fir, and spruce, respectively. 
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Table 3.3 . Mean(± SD, n=9) light-saturated photosynthesis based on dry mass (P mass) and leaf area 
(P areJ, specific leaf area (SLA), and% foliar nitrogen (Foliar N) of under-planted conifer species 
(subalpine fir, western redcedar, interior Douglas-fir, interior spruce) in July 1998 at Raft Creek, 
British Columbia. 
Species Paper birch p mass p area SLA Foliar N 
density (nmol C02 g·
1 s·1) (1-1mol C02 m·
2 s·1) (cm2 g·l) (%) 
(stems ha-1) 
Subalpine 0 34.3 (18.3) a 4.8 (2.4) a* 70.2 (6.0) a 1.41 (0.26) a 
fir 400 29.8 (15.7) a 4.1 (2.3) a 75.7 (8.0) a 1.23 (0.28) ab 
800 36.2 (13.6) a 4.8 (1.8) a 76.3 (8.4) a 1.12 (0.18) ab 
1200 27.3 (13.9) a 3.7 (2.0) a 75.9 (14.6) a 1.08 (0.23) b 
unthinned 31.0 (13 .9) a 3.9 (1 .8) a 81.2 (9.6) a 1.06 (0.13) b 
Western 0 24.5 (11 .5) a 5.2 (2.5) a 47.1 (4.8) a 0.94 (0.08) a 
redcedar 400 28.3 (11.3) a 6.0 (2.7) a 48.3 (5.1) a 0.82 (0.1) ab 
800 31.0 (16.9) a 5.7 (2.8) a 52.4 (6.9) a 0.82 (0.09) ab 
1200 39.4 (8.5) a 7.6 (1.8) a 52.1 (6.2) a 0.81 (0.13)b 
unthinned 35.6 (16.5) a 5.3 (2.2) a 66.9 (10.4) b 0.78 (0.11) b 
Interior 0 70.4 ( 42.5) a 9.3 (5.9) a 74.2 (11.1) ab 1.34 (0.20) a 
Douglas-fir 400 43.7 (19.0) a 5.5 (2.9) a 82.0 (9.4) ab 1.20 (0.17) ab 
800 49.7 (20.4) a 6.8 (1.6) a 73.1 (24.4) a 1.24 (0.21) ab 
1200 52.9 (20.1) a 6.7 (2.9) a 78.7 (8.2) ab 1.20 (0.22) ab 
unthinned 53.5 (42.3) a 5.9 (4.9) a 92.6 (7.3) b 1.03 (0.15) b 
Interior 0 53.7 (10.0) a 9.894 (1.9) a 54.4 (4.2) a 1.25 (0.33) a 
spruce 400 32.8 (14.4) a 5.735 (2.9) b 60.0 (9.0) a 0.91 (0.22) b 
800 38.6 (16.1) a 6.085 (2.3) b 63.4 (8.5) a 0.91 (0.16)b 
1200 53.2 (36.2) a 9.828 (5.8) a 55.1 (11.3) a 0.72 (0.15) b 
unthinned 40.4 (16.5) a 5.319 (2.0) b 75.6 (10.3) b 0.84 (0.18) b 
* Within species, treatments followed by different letters are significantly different. 
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Table 3.4. Results of analysis of variance for light-saturated photosynthesis based on area (P area) 
and mass (P mass) , specific leaf area (SLA) and% foliar nitrogen (Foliar N) of under-planted conifer 
species at Raft Creek. 
Variable Source df MS F p 
p area Density 4 35.411 5.0945 0.0008 *** 
(J.lmol C02 m·
2 s·1) Species 3 84.7472 12.1923 0.0000 *** 
D*S 12 14.1041 2.0291 0.0271 * 
Plot(D) 10 29.0719 4.1825 0.0001 *** 
S*Plot(D) 30 11.3536 1.6334 0.0335 * 
error 120 6.9509 
p mass Density, D 4 858.2792 1.7912 0.1350 
(nmol C02 g·
1 s·1) Species, S 3 5605.1394 11.6976 0.0000 *** 
D*S 12 469.8433 0.9805 0.4714 
Plot(D) 10 1264.5111 2.6390 0.0061 ** 
S*Plot(D) 30 502.4895 1.0487 0.4119 
Error 120 479.1717 
SLA Density, D 4 1584.0395 16.7496 0.0000 *** 
(cm2 g·I) Species, S 3 6920.1553 73.1736 0.0000 *** 
D*S 12 110.1934 1.1652 0.3159 
Plot(D) 10 258.7507 2.7360 0.0046 ** 
S*Plot(D) 30 83.7979 0.8861 0.6384 
error 120 94.5718 
Foliar N Density, D 4 0.5321 16.8113 0.0000 *** 
(%) Species, S 3 1.5300 48.3363 0.0000 *** 
D*S 12 0.0505 1.5951 0.1018 -. 
Plot(D) 10 0.0413 1.3041 0.2359 
S*Plot(D) 30 0.0525 1.6599 0.0292 * 
error 120 0.0317 
Note: Entries marked with asterisks indicate significant effects:*, p<0.05; **, p<0.010; ***, 
p<O.OOl. 
3.3.2. STAR 
There was a significant treatment, species and two-way interaction for silhouette to area 
ratio (STAR, cm2 cm-2) (Fig. 3.1 and Table 3.5). STAR values were greater for subalpine fir and 
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spruce seedlings growing under unthinned paper birch treatments compared to those grown in the 
open. Interior Douglas-fir had greater STAR values from the unthinned to the open. Western 
redcedar had similar values across all treatments as western redcedar branches are displayed flat 
with no overlapping scales on the same branch. 
Table 3.5. Results of analysis ofvariance for silhouette to branchlet surface area ratio (STAR, 
cm2 cm-2) of under-planted conifer species from Raft Creek. Data were from three seedlings from 
three paper birch densities (clear-cut, 800 stems ha-1, and unthinned). 
Variable Source df MS F p 
STAR Density, D 2 0.0499 31.6962 0.0000 
Species, S 3 0.4401 279.5604 0.0000 
D*S 6 0.0166 10.5757 0.0000 
error 24 0.0016 
3.3.3. Light effects on SLA and foliar N 
After the second growing season, SLA and foliar N of all species, with the exception of 
SLA for interior Douglas-fir were highly correlated to light availability (GLI) (Table 3.6). For 
instance, GLI explained 35-57% of the variation in SLA for subalpine fir, western redcedar, and 
interior spruce, while GLI explained 32-45% of the variation in foliar N for all species. 
3.4. Discussion 
Overall, trends of P area increased as density of paper birch decreased for all species except 
western redcedar. For example, interior spruce seedlings growing in the clear-cut had greater P area 
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1.0 
0.3"----
81 
a a a Birch density 
clear-cut 
800 stems ha·l 
unthinned 
b 
Cw Fd Sx 
Species 
Fig. 3.1. Silhouette to area ratio of under-planted conifer seedlings (subalpine fir, Bl; western 
redcedar, Cw; interior Douglas-fir, Fd; interior spruce, Sx) for three paper birch densities (clear-
cut, 800 stems ha-1, and unthinned) in September 1999. Bars represent means ± 1 SE of n=3 
individuals. 
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Table 3 .6. Pearson product moment correlation among GLI, SLA, and foliar N of subalpine fir 
western redcedar, interior Douglas-fir, and interior spruce. Data were from the end of the second 
growing season harvest with all paper birch density treatments pooled. 
n GLI 
GLI 1.00 
R:FR 180 0.57*** 
SLA 
Subalpine fir 45 0.35* 
Western redcedar 45 0.57*** 
Douglas-fir 45 0.22 
Spruce 45 0.56*** 
Foliar N 
Subalpine fir 45 0.45* 
Western redcedar 45 0.41 * 
Douglas-fir 45 0.32* 
Spruce 45 0.45* 
Note: p<0.05, *; p<0.001 , **; p<0.0001 , ***. 
compared to those seedlings growing under unthinned paper birch treatments. This trend is 
supported by other studies that found that greater light, leaf temperatures, and vapor pressure 
deficit in open sites can result in higher seedling photosynthetic rates compared to seedlings in the 
understory (Abrams and Mostoller 1995; Mohammed and Parker 1999). This is in contrast with a 
study by Harrington et al. (1994), who found that coastal Douglas-fir (Pseudotsuga menziesii var. 
menziesii) had lower photosynthesis in the clear-cut compared to Douglas-fir in the understory of 
Tanoak or Pacific Madrone. Similarly, Man and Lieffers (1999) found that white spruce (Picea 
glauca) had higher rates of photosynthesis under aspen (Populus tremuloides Michx.) 
shelterwoods than in either clear-cut or unthinned treatments. Preconditioning to 31 and 79% 
shade did not show significant differences in photosynthesis for coastal Douglas-fir (Krueger and 
Ruth 1969). Rates of P mass of the four conifer species did not show significant birch density 
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effects. In support of my findings, Reich et al. (1998) found that P mass was equal or slightly greater 
in conifer seedlings raised in low light than high light whereas light saturated P area was the 
opposite. Reich et al. (1998) attributed this reversal to higher SLA in plants grown in low light 
conditions compared to high light conditions. This study showed similar results to Reich et al. 
(1998) as SLA of interior spruce was higher in the 400, 800 stems ha-1, and unthinned treatment 
compared to the clear-cut and 1200 stems ha-1 treatments. Lower SLA translated into a 
significantly larger p area in the clear-cut and 1200 stems ha"1 treatments compared to the other 
treatments, whereas p mass was not significantly different among treatments. 
Foliage modifications that could result in greater photosynthetic rates include an increase 
in foliage nitrogen levels, increase in SLA, chloroplast stacking, ribulose- I ,5-biphosphate 
carboxylase/oxygenase (Rubisco) enzyme concentrations and thinner leaf cuticles which decrease 
diffusion distance of C02 (Larcher 1995; Brown et al. 1996; Niinemets 1997). Our study found 
that photosynthetic rate increased with increasing foliage nitrogen for all species. In support of my 
findings, many studies have found significant relationships between mass-based photosynthesis 
and nitrogen availability for hardwood and tropical tree species (Reich et al. 1991; Reich and 
Walters 1994; Reich et al. 1995; Kubiske and Pregitzer 1996; Peterson and CMEAL participants 
1999). However, Kubiske and Pregitzer (1996) found that shade tolerant Quercus rubra and Acer 
rubrum had higher foliar N in more shaded conditions. Brown eta/. (1996) found that 
photosynthesis increased linearly with foliar N concentration for western hemlock (Tsuga 
heterophyl/a) and western redcedar. 
It has been suggested that foliar N is a positive function ofN supply and a negative 
function of competition for that supply (Walters and Reich 1997). In this study, all species had 
significantly greater foliar N in the clear-cut than the unthinned and therefore nitrogen supply was 
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greater in the clear-cut compared to the unthinned paper birch treatments. This is in agreement 
with other studies that have shown that greater irradiance and warmer air temperatures can 
increase nitrogen mineralization and therefore result in a higher concentration of foliar N (Bonan 
and Van Cleve 1992; Abrams and Mostoller 1995; Pons and Bergkotte 1996). 
At the needle and branch level, changes in needle orientation and position as well as leaf 
area will affect the extent to which increased light alters photosynthetic response (Messier et a/. 
1999). In general, SLA values increased with increasing birch density and therefore decreasing 
light. Excluding the most shade tolerant species, western redcedar, STAR also increased with 
increasing paper birch density. Unlike other under-planted conifer species, western redcedar 
branchlets were displayed flat, had no shading within branches, and therefore had STAR values of 
one. In order to minimize light interception in the clear-cut, western redcedar changed the 
orientation of the entire branch rather than individual needles (data not presented). These 
structural adaptations are consistent with other studies (Carter and Smith 1985; Leverenz and 
Hinckley 1990; Stenberg 1996; Niinemets 1997) and may suggest that, under different light 
conditions, these conifer species alter needle and branch level morphology to maximize the 
interception of light. 
This study provides an example of function following form, in which seedlings growing in 
the clear-cut produced higher needle mass per area and foliar N than understory seedlings, which, 
in tum, permitted higher photosynthetic rates. It is predicted that an increase in light, 
photosynthesis, and foliar N will have significant positive effects on seedling growth in the clear-
cut compared to the unthinned paper birch treatments. 
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Chapter 4. Effects of overstory paper birch on early growth, biomass, and 
relative growth rate of four conifer species 
4.1. Introduction 
Seedling growth is a consequence of the interaction of processes such as photosynthesis, 
respiration, water relations, and mineral nutrition (Lambers et al. 1998). Growth is the increment 
of dry mass and is predicted to increase as conifer photosynthesis increases (see Chapter 3) and 
dark respiration decreases. Photosynthesis represents the instantaneous carbon fixation ability of a 
leaf. However, growth and, in many cases, survival of a plant reflects its integrated net carbon 
fixation over a growing season. A good indicator of long-term photosynthetic efficiency is 
biomass as it reflects the production of dry matter over a specified time and integrates the effects 
of environmental as well as genetic factors (Larcher 1995). 
Forest managers are concerned with the potential effects of overstory paper birch on 
planted conifers. Binder eta/. (1987) observed that white spruce (Picea glauca (Moench.) Voss) 
seedlings in heavy shade grew taller than lightly shaded or unshaded seedlings, but lost 
considerable needle volume and had significantly lower dry mass when harvested. Groot (1997) 
found that clear-cutting overstory aspen (Populus tremuloides Michx.) increased seedling 
diameter but not height growth in white spruce compared to unthinned treatments. In contrast, 
Man and Lieffers (1999) found that white spruce under an aspen shelterwood had greater height 
and diameter increments compared to the clear-cut and control (unthinned). 
The response of tree species to variations in light conditions have been studied in relation 
to growth performance, biomass allocation, and leaf structure. in controlled and natural 
environments (Ellsworth and Reich 1992; Klinka et al. 1992; Walters eta/. 1993; Wang eta/. 
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1994; Niinemets and Kull 1995). As light availability decreases, plants generally partition more 
photosynthate to above-ground growth and less to below-ground (Lambers et al. 1998). Tree 
seedling lateral branch growth rates have been shown to be highly negatively correlated with 
increasing light availability (Canham 1988a). Similarly, Klinka eta/. (1992) showed that shade-
tolerant plants respond to low light by increasing specific leaf area (SLA) which provides an 
increase in surface area for absorption oflight. Wang et al. (1994) found similar results of 
increasing SLA to low light for shade tolerant western redcedar (Thuja plicata Donn ex D. Don in 
Lamb). Chen (1997) found that moderately shade-tolerant interior Douglas-fir (Pseudotsuga 
menziesii var. glauca (Beissn.) Franco) and Engelmann spruce (Picea engelmannii Parry ex 
Eng elm.) displayed a plastic response to decreasing light in the ratio of above- and below-ground 
biomass and SLA, whereas shade-intolerant lodgepole pine (Pinus contorta Doug!. ex Loud. var. 
latifolia Engelm.) showed no plasticity. Shade-intolerant species have been shown to have higher 
leaf mass per unit area, higher leaf area ratio, and lower root to shoot ratios than shade tolerant 
species (Kamaluddin and Grace 1993). 
This study examines the effects of overstory paper birch thinning treatments on seedling 
growth offour 'ilnder-planted conifer species two and three years after planting. Specifically, this 
chapter focuses on two questions: (1) What are the growth and biomass responses of the four 
planted conifer species to five different densities of paper birch? and (2) How much variation in 
growth, biomass, and relative growth rate is attributed to light availability? 
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4.2. Methods 
4.2.1. Study site 
The study site and description of paper birch thinning treatments in which all growth and 
biomass measurements were made are outlined in Chapter 1. 
4.2.2. Seedling measurements 
Before planting in spring 1997, thirty seedlings per species were randomly selected and 
assessed for height, diameter, and dry mass (Table 4.1 ). These measurements served as baseline 
data to ensure initial height, root collar diameter and biomass were taken into consideration for 
data analyses. 
In early May and October 1998, height and diameter were measured on 13 seedlings per 
species per plot (N=780). The measurements in May 1998 represent the first year growth in 1997. 
Height was measured to the nearest half em using a meter stick and diameter was measured at 
ground-level with a digital caliper. In 1999, height and diameter were measured in October on 10 
seedlings per species per plot (N=600). The number of seedlings measured was reduced in 1999 
as a result of destructive harvesting in 1998. 
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Table 4.1. Baseline allometric data of four conifer species (subalpine fir, western redcedar, 
interior Douglas-fir, interior spruce). Height, diameter, height I diameter, root mass, shoot mass, 
and foliage mass measured prior to planting, May 1997. For all species, (n=30). 
Species Height Diameter Height I Root mass Shoot mass Foliage mass 
(mm) (mm) Diameter (g) (g) (g) 
Subalpine 231 3.79 60.9 1.50 0.94 0.92 
fir 
Western 259 3.35 77.9 1.02 2.43 * 
redcedar 
Interior 134 4.73 28.3 2.07 1.63 0.91 
Douglas-fir 
Interior 235 4.26 55 .2 1.79 1.54 1.52 
spruce 
*Note: Foliage mass was included in the shoot mass. 
4.2.3. Destructive sampling 
On October 20-21 , 1998, and again on October 21-22, 1999, 3 seedlings per species per 
plot (n= 180) were excavated from the soil taking precautions to minimize root loss. Seedlings 
harvested in 1998 were those selected for photosynthetic measurements in that year (see 
Chapter 3). Seedling roots were washed carefully with a hose to remove attached soil and plants 
were sectioned into roots, stems, and foliage and placed into paper bags. All bags were dried in a 
forced-air oven at 70°C for 72 h. Seedlings were measured to the nearest 0.001g for biomass of 
foliage, stems, and roots. 
4.2.4. Statistical analyses 
Growth data were analyzed by analysis ofvariance (ANOVA) using the MGLH procedure 
in the SYSTAT statistical package (SPSS 1997). The presence of outliers and, therefore, the 
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normality of the distribution were determined from scatterplots and residual analysis. Due to the 
presence of equal sample sizes, equal variances were not a large concern. Bonferroni multiple 
comparisons were performed for separating treatment means. 
For each species, a one factor nested design was used to test the effects of paper birch 
density and plot on the morphological variables measured in the field (Table 4.2). Treatment 
means for each species of height, diameter, and increments were calculated from 39 seedlings in 
1998 and 30 seedlings in 1999. Treatment means for biomass were calculated from 9 seedlings in 
both 1998 and 1999. Second and third year mean relative growth rate, RGR (ln g ln g·1 year·1), 
was calculated for each species and paper birch density treatment as the following: 
relative growth rate = ln biomass - ln biomass at planting I years 
ln biomass at planting 
The relationship of RGR to P mass based on total foliage mass and the fraction of the light 
environment, p mass X total foliage mass X light fraction, (nmol C02 g whole plant foliage 
mass·1 s·1), from year 2 was tested using linear regression. Similarly, relationships of biomass and 
diameter for each species to light availability were tested using linear regression. 
Table 4.2. The completely randomized one-factor nested design used to test the effects of paper 
birch density and plot on growth and biomass for each species. For all measurements, (n=3). 
Source of df Error 
variation 
Density, D d-1 = 4 P(D) 
Plot, P(D) (p-1) d = 10 T(P,D) 
Tree,T(P,D) (t-1) pd = 30 
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4.3. Results 
4.3.1. Birch density effects on conifer height and diameter growth 
Two-year growth 
Height and height increment were different among treatments for all species except 
subalpine fir (Table 4.3 A,B). The clear-cut had the tallest seedlings except for interior Douglas-
fir. The best height increment was found in the clear-cut for all species except subalpine fir. The 
poorest increment was found in the unthinned treatment for interior Douglas-fir while for the 
other species it varied. Subalpine fir had the poorest increment in the 1200, western redcedar in 
the 400, and interior spruce in the 800 stems ha·1 treatment. Diameter and diameter increment 
were different among treatments for all species. The best diameter and diameter increment were in 
the clear-cut for all species while the smallest diameter and diameter increment were found in the 
unthinned treatment. Height to diameter ratios were different among treatments for western 
redcedar, interior Douglas-fir, and interior spruce and had increased since planting for all species 
except subalpine fir, where it decreased. The poorest ratio (i.e. the largest height to diameter ratio) 
was in the unthfnned treatment for all species. There were significant plot (density) effects for all 
growth variables except height, height increment, and height to diameter ratio of subalpine fir and 
height and height increment of subalpine fir (Table 4.3 B). 
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Table 4.3A. Conifer (subalpine fir, western redcedar, interior Douglas-fir, interior spruce) height, 
height increment, diameter, diameter increment, and height to diameter ratio by birch density 
measured October 1998 (Year 2) at Raft Creek, British Columbia (n=39). 
Species Birch density Height Height increment Diameter Diameter Height to 
(stems ha-l) (mm) (mm) (mm) increment (mm) diameter ratio 
Subalpine Clear-cut 261±62 a 56±38 a 7.1±1.2 a 0.7±0.2 a 37±10 a 
fir 400 235±92 a 44±32 a 6.5±1.3 a 0.5±0.3 ab 36±11 a 
800 238±66 a 59±33 a 6.5±1.3 a 0.4±0.2 ab 37±9 a 
1200 232±67 a 39±27 a 7.0±0.9 a 0.6±0.2 ab 33±9 a 
Unthinned 231±56 a 62±38 a 5.7±0.9 b 0.3±0.1 b 41±14 a 
Western Clear-cut 517±91 a 135±105 ac 6.8±1.0 a 1.3±0.5 a 76±19 a 
red cedar 400 465±75 ab 53±43 b 5.9±1.0 b 0.6±0.2 be 79±18 ab 
800 482±92 ab 79±33 be 5.8±0.8 b 0.5±0.2 be 83±18 ab 
1200 500±74 ab 61±36 b 6.2±1.0 ab 0.8±0.3 b 81±11 ab 
Unthinned 451±114b 99±69 c 5.0±0.7 c 0.2±0.1 c 90±18 b 
Interior Clear-cut 364±64 ab 85±54 a 6.8±1 .0 a 1.5±0.5 a 54±8 a 
Douglas-fir 400 363±47 ab 49±31 be 5.5±0.8 b 0.5±0.2 be 66±12 be 
800 362±62 ab 52±33 be 5.9±0.9 b 1.0±0.4 a 61±12 ab 
1200 382±64 a 60±40 ab 5.9±0.6 b 0.7±0.2 b 65±11 b 
Unthinned 327±61 b 26±23 be 4.5±0.6 c 0.2±0.1 c 73±17 c 
Interior Clear-cut 436±58 a 79±51 a 7.2±1.0 a 1.4±0.5 a 61±10 a 
Spruce 400 376±58 b 53±37 b 6.6±1 .0 ab 0.9±0.4 b 57±9 a 
800 369±60 b 40±29 b 5.9±0.9 cd 0.4±0.3 cd 63±10 a 
1200 394±56 b 43±30 b 6.4±0.9 be 0.8±0.2 be 62±9 a 
Unthinned 382±61 b 44±28 b 5.3±0.6 d 0.3±0.1 d 72±14 b 
Table 4.3B. Results of analysis of variance for conifer height, height increment, diameter, 
diameter increment, and height to diameter ratio at Raft Creek, October 1998. 
Source of variation Height Height Diameter Diameter Height to 
increment increment diameter ratio 
Subalpine fir 
Density 0.4139 0.1120 0.0000*** 0.0031 ** 0.0699 
Plot (density) 0.0142* 0.1581 0.0000*** 0.0000*** 0.0550 
Western redcedar 
Density 0.0327* 0.0000*** 0.0000*** 0.0000*** 0.0213* 
Plot (density) 0.0267* 0.0000*** 0.0004*** 0.0000*** 0.0000*** 
Interior Douglas-fir 
Density 0.0193* 0.0000*** 0.0000*** 0.0000*** 0.0000*** 
Plot (density) 0.5822 0.6095 0.0012* 0.0000*** 0.0112* 
Interior spruce 
Density 0.0001 *** 0.0001 *** 0.0000*** 0.0000*** 0.0000*** 
Plot (density) 0.0168* 0.0018** 0.0000** 0.0000*** 0.0051 ** 
Note: Entries marked with asterisks indicate significant effects:*, p<0.05, **, p<0.010, ***, p<O.OOI. 
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Three-year growth 
At the end of year three, height and height increment were different among treatments for 
all species (Table 4.4 A,B). The clear-cut had the tallest trees and except for western redcedar had 
the best increment as well. The poorest increment was found in the unthinned treatment for 
subalpine fir, Douglas-fir, and interior spruce. Diameter and diameter increment were different 
among treatments for all species. The best diameter and diameter increments were in the clear-cut 
while the smallest diameter and increment was found in the unthinned. Height to diameter ratios 
were different for western redcedar and interior spruce. The poorest ratios were in the unthinned 
treatment for these species. There were little changes in height to diameter ratios among species 
and treatments between years 2 and 3. Similarly to 1998, there were significant plot (density) 
effects although the number of significant effects decreased from 1998 to 1999 (Table 4.4 B). 
Browsing was high in the unthinned treatments on Douglas-fir and western redcedar which 
resulted in smaller mean height and height increments and large standard deviations compared to 
1998 measurements. The results of the analysis did not change when the browsed trees were 
removed from the data set (data not shown). 
4.3.2. Birch density effects on conifer biomass 
Two year growth 
After two growing seasons, total biomass of all species was 2 times greater in the clear-cut 
than in the unthinned treatment (Fig. 4.1). For subalpine fir, biomass decreased stepwise with 
increasing paper birch density while biomass for the other species decreased stepwise but had 
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Table 4.4A. Conifer (subalpine fir, western redcedar, interior Douglas-fir, interior spruce) height, 
height increment, diameter, diameter increment, and height to diameter ratio by birch density 
measured October 1999 (Year 3) at Raft Creek, British Columbia (n=30). 
Species Birch Height Height Diameter Diameter Height to 
Density (mm) increment (mm) increment diameter 
(stems ha-l) (mm) (mm) ratio 
Subalpine fir Clear-cut 332±93 a 69±49 a 8.6±1.6 a 1.8±1.1 a 39±7 a 
400 275±107 ab 44±39 ab 7.9±1.7 a 1.8±1.3 a 35±10 a 
800 283±75 ab 45±37 ab 7.8±1.2 a 1.6±0.7 ac 36±8 a 
1200 288±82 ab 60±44 ab 7.6±0.9 a 0.9±0.5 b 38±9 a 
Unthinned 255±71 b 22±15 b 6.5±1.3 b 1.1±0.9 be 39±12 a 
Western Clear-cut 582±98 a 63±48 a 8.3±1.2a 1.7±1.1 a 70±11 a 
red cedar 400 529±83 a 59±45 a 7.1±1.1 b 1.5±0.9 ac 75±13 a 
800 529±103 a 48±34 a 6.6±1.0 b 1.0±0.5 b 80±15 b 
1200 544±74 a 46±36 a 6.7±0.8 b 1.0±0.4 b 81±13 be 
Unthinned 527±88 a 76±79 a 5.8±0.6 c 1.1±0.6 c 91±15 c 
Interior Clear-cut 465±103 a 105±59 a 8.2±1.6 a 1.6±0.9 a 57±11a 
Douglas-fir 400 402±110 a 43±35 be 6.8±1.4 b 1.5±0.8 a 60±16 a 
800 418±95 a 70±49 ab 6.8±1.2 b 1.4±0.8 ab 61±11 a 
1200 447±80 a 63±34 ab 6.9±1.0 b 1.1±0.8 ab 65±11 a 
Unthinned 329±105 b 23±87 c 5.2±0.7 c 0.9±0.5 b 63±23 a 
Interior Clear-cut 535±98 a 99±67 a 9.3±1.8a 2.3±1.4a 58±9 a 
Spruce 400 447±62 b 67±47 b 8.0±1.2 b 1.5±0.9 ab 56±8 a 
800 399±82 b 30±23 c 7.4±1.2 b 1.7±1.1 ab 54±9 a 
1200 449±83 b 58±42 be 7.6±1.2 b 1.3±0.6 b 59±8 a 
Unthinned 401±67 b 28±19 c 6.0±0.7 c 0.8±0.5 b 67±10 b 
Table 4.4B. Results of analysis ofvariance for conifer height, height increment, diameter, 
diameter increment, and height to diameter ratio at Raft Creek, October 1999 . 
. :..· ~ 
Source of variation Height Height Diameter Diameter Height to diameter 
increment increment ratio 
Subalpine fir 
Density 0.0150* 0.0078** 0.0000*** 0.0000*** 0.3623 
Plot (density) 0.0937 0.0242* 0.0637 0.0000*** 0.6828 
Western redcedar 
Density 0.0828 0.1540 0.0000*** 0.0000*** 0.0000*** 
Plot (density) 0.0029* 0.3241 0.0101 * 0.0000*** 0.0843 
Douglas-fir 
Density 0.0000*** 0.0000*** 0.0000*** 0.0010*** 0.1550 
Plot (density) 0.0004** 0.0014** 0.0000*** 0.0000*** 0.0013* 
Spruce 
Density 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 
Plot (density) 0.0006** 0.0015** 0.1590 0.2109 0.0589 
Note: Entries marked with asterisks indicate significant effects: *, p<0.05, **, p<O.O 10, ***, p<O.OOl. 
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small changes in the intermediate densities. Stem mass was different among treatments for all 
species except subalpine fir (Table 4.5 A,B). Greater stem mass was found in the clear-cut 
compared to the unthinned treatment. For all species, foliage mass was greatest in the clear-cut 
compared to the unthinned treatment. Interior Douglas-fir had significantly greater root mass in 
the clear-cut compared to other treatments whereas root mass was not significantly effected by 
birch density for subalpine fir, western redcedar or spruce. 
Three year growth 
After three growing seasons, large biomass differences were found between the clear-cut 
and the unthinned treatments. Total biomass of subalpine fir, Douglas-fir, and spruce increased 
from 2 times greater in 1998 to 3 times greater in the clear-cut than in the unthinned treatment 
(Fig. 4.1 ). Similar to 1998, biomass of western redcedar in the clear-cut was twice that of 
seedlings in the unthinned treatment. As found in second year growth data, stem and foliage mass 
was greater in the clear-cut compared to the unthinned treatment for all species (Table 4.6 A,B). 
However, root mass for all species was different among treatments at the end of the third growing 
season. The largest root mass was found in the clear-cut for western redcedar and interior spruce 
and in the 400 stems ha-1 treatment for subalpine fir and Douglas-fir. The smallest root mass was 
found in the unthinned treatment for all species. 
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Fig. 4.1. Total biomass (g) of conifer species (subalpine fir; western redcedar; interior Douglas-
fir; interior spruce) under different paper birch densities at time of planting (Year 0), October 
1998 (Year 2), and October 1999 (Year 3). 
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Table 4.5A. Conifer stem mass, foliage mass, and root mass measured in October 1998 (Year 2) at 
Raft Creek, British Columbia (n=9). 
Species Birch density Stem mass Foliage mass Root mass 
(stems ha-l) (g) (g) (g) 
Subalpine fir Clear-cut 5.7±2.6 a 6.5±3 .7a 7.4±3.9 a 
400 5.6±2.9 a 5.6±3.3 a 6.9±4.3 a · ... 
800 4.9±2.3 a 4.1±2.3 a 6.0±4.0 a 
1200 3.8±1.1 a 3.8±0.9 a 4.7±2.2 a 
Unthinned 3.4±1.2 a 2.7±1.0 b 3.6±2.6 a 
Western Clear-cut 7.0±2.9 a 6.8±3.3 a 4.6±1.9 a 
redcedar 400 4.6±1.0 b 4.1±1.3b 4.0±1.1 a 
800 4.7±0.6 b 4.7±0.8 ab 4.6±1.2 a 
1200 4.0±1.0 b 3.4±0.9 b 3.6±0.7 a 
Unthinned 3.3±0.5 b 2.7±0.8 b 3.2±0.9 a 
Interior Clear-cut 6.4±2.6 a 4.7±1.9 a 5.2±1.7a 
Douglas-fir 400 4.4±1.1 b 3.7±0.9 ab 3.9±1.1 b 
800 3.2±1.0 be 2.4±1.1 b 3.5±1.4 b 
1200 4.1±1.4 be 3.6±1.5 ab 3.6±2.2 b 
Unthinned 2.1±0.8 c 2.1±1.0 b 2.6±0.6 b 
Interior spruce Clear-cut 8.5±2.7 a 7.7±2.3 a 10.1±2.5 a 
400 6.2±2.1 ab 6.6±2.8 ab 7.3±3.4 a 
800 5.2±0.9 be 4.7±1.2 be 6.9±3 .6 a 
1200 5.5±1.8 be 5.1±2.0 abc 8.0±4.6 a .. 
Unthinned 3.3±0.9 c 3.0±1.0 c 6.2±2.5 a ' 
Table 4.5B. Results of analysis ofvariance for stem mass, foliage mass, root mass and total 
biomass at Raft Creek, October 1998. 
Source of variation Stem mass Foliage mass Root mass Total biomass 
' Subalpine fir 
Density 0.0518 0.0069** 0.1533 0.0369* .. 
Plot (density) 0.0523 0.0422* 0.3891 0.1362 
c' 
' 
Western red cedar ~i 
Density 0.0001 *** 0.0002*** 0.0462* 0.0005*** 
Plot (density) 0.4046 0.4517 0.1133 0.5415 
Interior Douglas-fir 
Density 0.0000*** 0.0003*** 0.0142* 0.0000*** 
Plot (density) 0.1115 0.0662 0.2771 0.0575 
Interior spruce 
Density 0.0000*** 0.0002*** 0.1368 0.0006*** 
Plot (density) 0.4010 0.3476 0.1901 0.2976 
Note: Entries marked with asterisks indicate significant effects:*, p<0.05, **, p<0.010, ***, p<O.OOl. 
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Table 4.6A. Conifer stem mass, foliage mass, and root mass measured in October 1999 (Year 3) at 
Raft Creek, British Columbia (n=9). 
Species Birch density Stem mass Foliage mass Root mass 
(stems ha-l) (g) (g) (g) 
Subalpine fir Clear-cut 10.2±5.0 a 9.9±4.5 a 9.0±4.2 a 
400 10.6±6.7 a 8.6±4.1 a 10.5±4.8 a 
800 9.2±3.1 ab 7.9±2.9 a 8.0±1.8 ab 
1200 7.7±2.0 ab 6.3±2.2 b 6.1±2.2 ab 
Unthinned 4.4±1.9 b 3.2±1.6 b 4.1±2.7 b 
Western Clear-cut 8.5±3.0 a 8.2±3.4 a 7.0±1.9 a 
red cedar 400 5.8±2.2 ab 5.5±2.1 ab 6.0±2.2 ab 
800 6.3±1.9 ab 5.5±1.8 ab 6.6±3 .0 ab 
1200 6.4±1.5 ab 6.0±1.8 ab 6.1±1.5ab 
Unthinned 4.8±1.2 b 3.5±1.3 b 3.9±1.0 b 
Interior Clear-cut 11 .4±4.4 a 8.9±3.6 a 6.3±1.8a 
Douglas-fir 400 8.1±3.5 ab 7.0±3.3 ab 6.6±3 .9 a 
800 5.2±1.6 be 4.4±1.2 be 5.0±1.9 ab 
1200 5.2±2.4 be 4.6±3.1 be 4.2±1.5 ab 
Unthinned 3.2±0.6 c 2.7±0.7 c 3.0±0.9 b 
Interior spruce Clear-cut 18.2±7.3 a 16.1±6.2 a 10.5±4.5 a 
400 9.7±3.7 be 9.5±3.4 be 8.0±3 .1 ab 
800 9.2±2.8 be 7.8±2.1 be 6.8±2.1 ab 
1200 10.8±6.2 be 7.7±4.1 be 6.4±2.5 b 
Unthinned 5.3±1.5c 4.2±1.4 c 4.3±1.1 b 
Table 4.6B. Results of analysis of variance for conifer stem mass, foliage mass, root mass, and 
total biomass at Raft Creek, October 1999. 
Source of variation Stem mass Foliage mass Root mass Total biomass 
Subalpine fir 
Density 0.0181 * 0.0012** 0.0010*** 0.0013** 
Plot (density) 0.2749 0.3115 0.0851 0.1466 
Western redcedar 
Density 0.0032** 0.0032** 0.0283* 0.0026** 
Plot (density) 0.0611 0.6644 0.4198 0.2656 
Interior Douglas-fir 
Density 0.0000*** 0.0006*** 0.0046** 0.0002*** 
Plot (density) 0.8991 0.9058 0.1732 0.8179 
Interior spruce 
Density 0.0000*** 0.0000*** 0.0006*** 0.0000*** 
Plot (density) 0.2226 0.8060 0.1197 0.3519 
Note: Entries marked with asterisks indicate significant effects:*, p<0.05, **, p<O.OlO, ***, p<O.OOl. 
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4.3.3. Paper birch density effects on relative growth rate 
Two and three year RGR 
Relative growth rate (RGR) was different among treatments for all species. Relative 
growth rate, averaged over 2 and 3 years, decreased with increasing birch density although little 
change was found in the intermediate birch densities (Tables 4.7 and 4.8, Fig. 4.2). The 
intermediate paper birch densities (400, 800, and 1200 stems ha-1) could be considered one 
treatment as they had similar understory light environments and similar effects on RGR for all 
species. All species varied two-fold in RGR from the clear-cut to the unthinned treatment. 
Relative growth decreased slightly from Year 2 to Year 3 (Fig. 4.2). More than 47% and 53% of 
the variation in RGR for all species was explained by birch density and plot (density) in Year 2 
and Year 3, respectively (Tables 4.7 and 4.8). 
4.3.4. Relative growth rate, photosynthesis, and light 
For all species, photosynthesis (data from Chapter 3) based on total foliage mass and light 
environment (i.e. fraction of light compared to open) was found to be significantly and positively 
correlated to RGR in the second growing season (Figure 4.3). This measure of photosynthesis 
including light availability explained between 64-77% of the variation in RGR for all species. 
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Fig. 4.2. Relative growth rate (ln g ln g·1 year-1) of conifer species (subalpine fir; western redcedar; 
interior Douglas-fir; interior spruce) under different paper birch densities after two (Year 2) and 
three (Year 3) growing seasons. Bars represent means± 1 SE ofn=9 individuals. 
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Table 4.7. Results of analysis of variance for the effects of paper birch density and plot on second 
growing season (Year 2) relative growth rate for planted conifer species at Raft Creek. For all 
treatments, n=9. 
Species Source df Mean square F p ? 
Subalpine fir Density 4 0.0663 3.2886 0.0253* 0.47 
Plot (density) 10 0.0283 1.3843 0.2347 
Tree (P,D) 30 0.0205 
Western Density 4 0.0847 6.9522 0.0004*** 0.53 
red cedar Plot (density) 10 0.0073 0.5989 0.8020 
Tree (P,D) 30 0.0122 
Douglas-fir Density 4 0.1624 9.9992 0.0000*** 0.65 
Plot (density) 10 0.0257 1.5795 0.1610 
Tree (P,D) 30 0.0162 
Spruce Density 4 0.0675 6.5058 0.0007*** 0.54 
Plot (density) 10 0.0093 0.9001 0.5447 
Tree (P,D) 30 0.0104 
Note: Entries marked with asterisks indicate significant effects: *, p<0.05; **, p<0.010; ***, 
p<O.OOI. 
Table 4.8. Results of analysis of variance for the effects of paper birch density and plot on third 
growing season (Year 3) relative growth rate for planted conifer species at Raft Creek. For all 
treatments, n=9. 
Species Source df Mean square F p ? 
Subalpine fir Density 4 0.0671 8.4205 0.0001 *** 0.60 
Plot (density) 10 0.0090 1.1242 0.3773 
Tree (P,D) 30 0.0080 
Western Density 4 0.0348 5.6849 0.0016** 0.53 
red cedar Plot (density) 10 0.0070 1.1381 0.3683 
Tree (P,D) 30 0.0061 
Douglas-fir Density 4 0.1148 14.1175 0.0000*** 0.68 
Plot (density) 10 0.0070 0.8682 0.5714 
Tree (P,D) 30 0.0081 
Spruce Density 4 0.0650 13.6400 0.0000*** 0.70 
Plot (density) 10 0.0081 1.6939 0.1284 
Tree (P,D) 30 0.0048 
Note: Entries marked with asterisks indicate significant effects:*, p<0.05; **, p<O.OlO; ***, 
p<O.OOI. 
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1
) for subalpine fir (Bl), western redcedar (Cw), 
interior Douglas-fir (Fd), and interior spruce (Sx) at the end of the second growing season 
(October 1998). All paper birch treatments were pooled. 
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4.3.5. Light effects on diameter and biomass 
Two and three year growth 
After the second and third growing season, basal diameter and biomass were all highly 
correlated with light quantity while the correlation varied with light quality. However, light 
quantity and quality were also highly correlated (Table 4.9). Gap light index and PACL were 
positively correlated with biomass and diameter for all species (p<0.05). For instance, GLI 
accounted for greater than 50% of the variation in basal diameter and biomass for western 
redcedar, Douglas-fir, and spruce while 37-43% of the variation was accounted for by GLI in 
subalpine fir. In the third growing season, greater than 57% of the variation in basal diameter and 
biomass was explained by PACL for subalpine fir, Douglas-fir, and spruce while 36-39% ofthe 
variation in diameter and biomass was explained by P ACL for western redcedar. Compared to 
light quantity, R:FR explained little of the variation in diameter and biomass in the second year. 
However, in the third year, it explained more than 40% of the variation in diameter and greater 
than 3 7% of the variation in biomass. 
4.4. Discussion 
My results indicate that the large differences in growth of seedlings as overstory paper 
birch decreased was partly due to increased light quantity and R:FR values. Trends in growth, 
biomass, and biomass growth rates of closely ranked shade tolerant conifer species along a light 
gradient were consistent with theories on resource availability, growth rate and morphological 
determinants of growth (Walters et a/. 1993; Bazzaz 1996; Chen and Klinka 1997). At the end of 
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Table 4.9. Pearson product moment correlation among light quantity, light quality, diameter and 
biomass of subalpine fir, western redcedar, interior Douglas-fir, and interior spruce. Data were 
from the end of the second and third growing season harvests with all paper birch density 
treatments pooled. 
Two year growth Three year growth 
n GLI R:FR PACL R:FR 
GLI, PACL 1.00 1.00 
R:FR 180 0.57*** 1.00 0.82*** 1.00 
Diameter 
Subalpine fir 45 0.43* 0.44* 0.69*** 0.58*** 
Western redcedar 45 0.64*** 0.32* 0.39* 0.40* 
Douglas-fir 45 0.57*** 0.32* 0.62*** 0.56*** 
Spruce 45 0.64*** 0.25 0.64*** 0.45* 
Biomass 
Subalpine fir 45 0.37* 0.40* 0.59*** 0.49*** 
Western redcedar 45 0.54*** 0.26 0.36* 0.37* 
Douglas-fir 45 0.52*** 0.28 0.57*** 0.47* 
Spruce 45 0.56*** 0.28 0.64*** 0.45* 
Note: p<0.05, *; p<0.001 , **; p<0.0001, ***. 
year three, height growth was greater in the clear-cut compared to the unthinned treatment for all 
species. Total height at the end of year three was different among treatments for all species except 
western redcedar. My results of height growth among conifer species to increasing paper birch 
density are consistent with rankings of shade tolerance. More shade tolerant species have been 
shown to allocate resources to lateral growth whereas less shade tolerant species have been shown 
to grow towards openings in the canopy in low-light conditions and therefore increase height and 
decrease diameter growth (Messier et a/. 1999). My findings are in support with measurements of 
even-aged, 10 year-old stands in the ICH zone of southern BC which showed that increasing birch 
density had strong negative effects on the size of neighboring shade-intolerant western larch, 
moderate effects of moderately shade-tolerant interior Douglas-fir and little effect on the size of 
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shade-tolerant western red cedar (Peterson et al. 1997). Similarly, my results of height growth are 
consistent with other studies on naturally regenerated seedlings of subalpine fir, white spruce, 
interior Douglas-fir along a light gradient (Klinka et al. 1992; Kayahara et al. 1996; Chen 1997). 
In contrast, Man and Lieffers (1999) found that white spruce had greater height increments under 
aspen shelterwoods than in either the clear-cut or control. The differences between studies could 
be attributed to stand characteristics. In the study by Man and Lieffers (1999), the aspen 
shelterwood was 120 years old and therefore was taller than the paper birch stand at Raft Creek. 
Man and Lieffers (1999) reported 73% light transmission in the low residual shelterwood, which 
is much greater than light availability to understory conifers at Raft Creek. 
Similarly to that of height growth, total basal diameter and diameter increment were 
significantly larger for all species growing in the clear-cut compared to those growing under 
unthinned paper birch treatments, however differences amoung the intermediate treatments (400, 
800 and 1200 stems ha-1) were small. In support of my findings, many studies have shown that 
diameter ofunderstory conifers increase with increasing light (Wang eta/. 1994; Klinka et al. 
1992; Comeau et al. 1993; Chen and Klinka 1997; Groot 1997). 
Relative.rgrowth rate decreased with decreasing light for all species. This is consistent 
with Reich et al. (1998) who recognized that species adapted to low light environments have low 
potential rates oflight capture and growth relative to species characteristic of higher-light 
environments. Canham (1988a) suggested that it is advantageous to stay small in low light 
environments because the respiratory maintenance costs of support tissue increases with size. This 
could explain the low growth response of the more shade-tolerant western redcedar and subalpine 
fir compared to the moderately shade-tolerant interior Douglas-fir and interior spruce. 
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At the end of the third year, total biomass increased 3 times more in the clear-cut 
compared to the unthinned treatment for subalpine fir, interior Douglas-fir, and interior spruce 
while western redcedar increased 2 times. It is interesting to note that light (GLI) increased 3 
times more in clear-cut compared to the unthinned treatments (Chapter 2, Table 2.2). There were 
significant differences in the extent of increases in total biomass with increasing light among 
species. Light explained more of the biomass variation in interior spruce and Douglas-fir than 
western redcedar and subalpine fir. This was expected as western redcedar and subalpine fir are 
more shade tolerant than interior Douglas-fir and interior spruce. Many studies have shown that 
less shade tolerant species can greater utilize increasing light conditions for growth compared to 
more shade tolerant species (Bjorkman 1981 ; Kitajima 1994; Walters eta/. 1993). Light quality 
explained little of the variation in biomass for all species. Light quality has been related more to 
photomorphogenic responses (i.e. bud set, bud break, branching, stem elongation) (Smith 1986; 
Ballare eta/. 1990; van Tienderen and van Hinsberg 1996) rather than biomass production. 
Inconsistent trends for some growth responses may be explained by light variability within 
treatments. For example, stem mass in spruce was greater in the 1200 stems ha-1 treatment than in 
the 400 and 800 stems ha"1 treatment. Percent of above canopy light measured in the 1200 stems 
ha-1 treatment was 71% compared to 47% and 60% in the 800 and 400 stems ha-1 treatments, 
respectively (see Chapter 2, Table 2.2). Paper birch basal area was greater in the 800 stems ha-1 
treatment and therefore less light could penetrate through the larger tree crowns. This may have 
important implications to the success of a plantation if tree spacing is done by stems ha-1 rather 
than by basal area determinations. From the data, it could be speculated that basal area of paper 
birch could be targeted between 1.8 to 4.0 m2 ha-1 to ensure sufficient light availability for early 
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growth of understory conifers such as subalpine fir, western redcedar, interior Douglas-fir, and 
interior spruce. 
The slow growth of planted seedlings in the first few years after planting, commonly 
referred to as planting check, has been reported for white spruce plantations (Burdett eta!. 1984; 
Nienstaedt and Zasada 1990; Man and Lieffers 1999). It has been suggested that height growth 
less than 15 em in any growing season after the first year may be an indication of planting check 
for interior spruce (Chris Hawkins, pers. comm). Interior spruce and Douglas-fir were the only 
species with height growth greater than 15 em in the clear-cut (Appendix 1 ). Lieffers et al. (1996) 
found similar results with white spruce (Picea glauca (Moench) Voss). They showed that if white 
spruce seedlings were less than 30 em tall, they grew less than 10 em per year whereas seedlings 
taller than 230 em attained growth rates of 30 em per year or more. Therefore it is important that 
further long-term monitoring of this site is conducted to determine whether or not these seedlings 
will change their growth response over time. 
It is also important to note that in addition to light, below-ground resources such as 
nutrients and water may be limiting growth to conifers in the birch understory. Increasing the 
paper birch density will increase competition for water and nutrients. In fact, our results found 
that foliar N was lower in the unthinned treatments compared to the clear-cut. In forest 
ecosystems, warmer air temperatures can initiate a positive feedback system whereby increased N 
mineralization promotes the establishment and growth of species with high foliage N and low 
foliage lignin concentrations, which further increases N mineralization (Pastor and Post 1988). 
Therefore, results from our study suggest that N may be limiting to under-planted conifers in the 
unthinned treatments. 
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"i. 
Although rankings of shade tolerance are close between subalpine fir, western redcedar, 
interior Douglas-fir and interior spruce, these species had different morphological responses to 
decreasing paper birch density and therefore increasing light quantity. Generally, as light quantity 
increased by 3 times in the clear-cut compared to the unthinned paper birch treatment, under-
planted conifer biomass also increased by 2-3 times. Results showed that less shade tolerant 
interior spruce, interior Douglas-fir, and subalpine fir were more plastic in their response to 
increasing light compared to more shade tolerant western redcedar. 
--
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Chapter 5. Summary and conclusions 
5.1. Summary of results 
The understory light environment of the different densities of paper birch had significant 
impacts on physiology, growth, and morphology of the conifer species. The light environment 
includes the effects of both quantity and quality (R:FR) of light. Light quantity and quality were 
highly correlated so the relationships for physiology and light (Chapter 3), foliar nitrogen and 
light (Chapter 3), and biomass and light (Chapter 4) represent the effects of both light quantity 
and quality. It should also be noted that light is confounded with temperature and relative 
humidity and therefore, part of the seedling growth response observed may have been due to both 
changes in temperature and relative humidity. Other possibilities that may have effects on conifer 
growth are soil types and below-ground resources such as nutrient and water availability. 
Increasing paper birch density will increase competition for water and nutrients. In fact, our 
results found that foliar N was lower in the unthinned treatments compared to the clear-cut and 
therefore could have led to lower growth of conifers in the unthinned treatments. The lower foliar 
N also suggests more nitrogen is available in open environments compared to more shaded ones. 
The results of photosynthetic measurements from Chapter 3 showed that subalpine fir, 
western redcedar, and interior spruce had greater light saturated photosynthesis on the clear-cut 
compared to the unthinned. Western redcedar showed no trends of differences in photosynthetic 
rates among the paper birch densities. 
Relative growth rate varied significantly with paper birch density for all species. The 
physiological basis for differences in growth rate are complex and include changes in numerous 
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plant characteristics such as specific leaf area, leaf area ratio, leaf weight ratio, and root weight 
ratio. Whole-plant photosynthesis, with the incorporation of the fraction oflight available to each 
seedling, was found to be significantly and positively correlated with RGR for all species. 
Genotype as well as nursery origin (culture) are important factors that could effect growth 
responses of conifer species. Conifer seedlots were selected from three different nurseries because 
no one nursery had all ofthe required seedlots (Chapter 1, Table 1.1). Species response is 
confounded with nursery origin and therefore growth response may, in part, be also due to nursery 
origin. It has been observed that this effect can last at least 5 years in interior spruce and paper 
birch (Chris Hawkins, pers. comm.). 
This study focuses on second and third year seedling responses to environmental 
conditions which represents a critical stage of understory reinitiation. Many other factors will 
affect the growth of planted seedlings in shaded understories of sub-boreal forests, and as growth 
proceeds, there will be significant changes in environmental conditions (Runkle and Yetter 1987; 
Messier et al. 1998). The ability of seedlings to reach pole size is dependent on the interactions of 
genetic and environmental factors. Survival and growth in the understory depend on complex 
interactions between light, water, and nutrient availability. As under-planted conifers grow 
towards the overstory canopy, there is a greater need for increased light availability, yet 
simultaneously, birch canopies will expand and reduce light availability to understory conifers. 
Therefore, a second thinning of the overstory paper birch in higher density treatments such as the 
1200 stems ha·' treatment may be needed to open the canopy and release understory conifers. 
Essentially, after three growing seasons, the intermediate paper birch densities ( 400, 800, and 
1200 stems ha-1) had similar understory light environments, as well as similar effects on conifer 
physiology, growth, and morphology. These environmental conditions will change as the stand 
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develops and therefore a longer time span would be beneficial in assessing the efficiency of 
shelterwood treatment densities in regenerating the target species. 
5.2. Management implications and recommendations 
This study focused on the light environment, photosynthesis and growth of planted 
seedlings under different densities of paper birch. The findings and management 
recommendations are restricted to early seedling growth within ICHmk2 subzone under specific 
densities of paper birch. There were large differences in the light environment and seedling 
growth among the paper birch densities and this may have important implications for paper birch 
mixedwood management. 
Overall, the clear-cut shows good regeneration potential for subalpine fir, western 
redcedar, interior Douglas-fir, and interior spruce. Growth of all species on the clear-cut was two 
to three times greater than the unthinned paper birch treatments. If biomass is the main 
management objective for under-planted conifers on this site, 0 to 400 stems ha-1 would be the 
best paper birch density to achieve maximum biomass growth for all species. It is also 
recommended that overstory thinning practices be based on basal area rather than on stem density 
as birch with larger basal areas tended to have larger crowns. Our study found that there were 
significant basal area differences between plots thinned to the same density, which led to 
significant differences in the understory light environment and therefore differences in conifer 
growth. 
The use of paper birch as a nurse crop may meet several management criteria such as 
species diversity, visual quality, wildlife habitat, pest management, and long-term site 
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productivity. Paper birch overstory may also provide a shelter to under-planted conifers and 
protect seedlings from frost and desiccation. With these management criteria in mind, it would be 
suggested that 400 stems ha-1 of paper birch be targeted for these understory species. Two of the 
four species, subalpine fir and western red cedar can tolerate 400 stems ha·1 of paper birch without 
significantly reducing total above- and below-ground biomass. 
5.3. Future research needed: 
• Long-term monitoring of the site to determine the effects of changing environmental 
conditions as the stand develops and the effects this has on under-planted conifer species. 
• Investigate other environmental variables and their affect on seedling growth (e.g. soil type, 
air and soil temperature, water and soil nutrient availability). 
• Examine the effects of paper birch sprouting on conifer growth and survival. 
• Investigate the presence of ectomycorrhizal associations with paper birch and their impact on 
seedling growth. 
5.4. Conclusions 
The results from this study show that light is an important factor affecting the growth of 
under-planted seedlings under different paper birch densities. In fact, light explained more than 
half of the variation in RGR for all species. Overall, we found that photosynthesis, foliar N, 
height, basal diameter, biomass, and RGR increased as paper birch density decreased and light 
increased. 
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Appendix 1. Height increases versus time offour conifer species (Bl, subalpine fir; Cw, western 
redcedar; Fd, interior Douglas-fir; Sx, interior spruce), growing under different densities of paper 
birch (clear-cut, 400, 800, 1200 stems ha"1, and unthinned). Times measured were at planting 
(HEIGHT 1), end ofthe first (HEIGHT 2), second (HEIGHT 3), and third (HEIGHT 4) growing 
season. 
81 
